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Abstract
We model Spitzer Infrared Spectrograph (IRS) data spanning 5 40µm of 66 hard
X-ray selected active galactic nuclei (AGN) in an attempt to isolate and define the
individual emission components. Our sample is drawn from the Swift Burst Alert
Telescope (BAT) AGN survey, a wide-field, uniform, flux limited survey sensitive to
all but the most Compton-thick AGN. This work uses a new spectral de-convolution
and modeling technique in the IR using xspec, a well test X-ray spectral modeling
software. Our model has four components: a clumpy torus obscuration region, dusty
narrow line region (NLR) clouds, a host galaxy dust model, and blackbody dust. We
also incorporate a silicate absorption multiplicative model to account for host galaxy
dust absorption. All of our AGN can be modeled with combinations of components
yielding a distribution of geometric parameters that describe the AGN models. We
derive bolometric luminosities for our AGN using IR and hard X-ray flux that re-
fine our models. We derive torus covering factors, size, thickness, inclination, and
opacity from our models and are capable of calculating the likelihood of the directly
observing accretion disk emission for every AGN. Our models indicate a significant
ii
ABSTRACT
correlation between the radial extent of the torus and the bolometric luminosity. We
can reproduce the observed fraction of optically obscured AGN using our geometric
covering factor. Comparisons with hard X-ray flux and variability allow us to predict
the impact of changes in bolometric luminosity on the torus shape. Our NLR model
demonstrates the isotropic nature of the NLR continuum which correlates strongly
with bolometric indicators such as Oiv 25.89µm luminosity. We find the average
covering factors of the NLR and torus are 54 and 8%. Our sample also exhibits host
galaxy absorption that we believe can impact the AGN type observed.
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One of the most fundamental questions of present-day cosmology is the role played
by supermassive black holes (SMBHs) in galaxy evolution. Presumed to be residing
in the nucleus of most galaxies, these black holes can be on the order of millions of
times the mass of the sun. Yet because of their relatively small spatial scale and
their location in the often opaque galactic nucleus it is frequently di cult to directly
quantify black hole properties. We know that a clear relationship exists between
SMBHs and host galaxies despite the limited sphere of gravitational influence of the
SMBH. Called the M-  relation (or MBH- ), Ferrarese & Merritt (2000) and Geb-
hardt et al. (2000) independently observed that the stellar velocity dispersion ( ) of
the host galaxy bulge correlates with the mass of the central black hole. The tightness
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of the relation implies that there is feedback between the processes of supermassive
black hole evolution and galaxy bulge growth. This feedback is likely both radiative
(Sazonov et al., 2004, 2005, e.g) and mechanical (Begelman & Nath, 2005; Di Matteo
et al., 2005, e.g) in nature and originates during periods of active black hole accretion.
Detailed knowledge of SMBHs has historically come from observations of active
galactic nuclei (AGN) at discrete wavelengths such as the optical, soft X-ray, and
radio (see Sections 2.1.2, 2.1.5, and 2.1.1). But because of the variety of spectral
features and degrees of obscuration present in AGN (Section 1.2.2), is it di cult
to construct scientifically unbiased samples from which to base concrete statistical
tests of observational properties. Depending on the wavelengths at which data are
gathered, it can be hard to untangle the spectral signatures associated with the
SMBH from those of stellar processes. It is particularly troublesome that the spectral
signatures from the accretion disk happen to fall within regions of the spectrum where
there can be significant stellar contamination (IR, optical, and UV) and/or significant
obscuration (optical, UV, and X-ray).
This work uses a new spectral de-convolution and modeling technique in the IR
to examine a well-defined sample of X-ray selected AGN. Questions of dust proper-
ties, photoionization, obscuration, variability, stellar contributions, and geometry are
addressed. The analysis presented allows us to improve our understanding of AGN




The current knowledge of AGN is replete with questions yet to be answered.
These questions can be divided into several categories: accretion processes, galaxy-
AGN interactions/feedback, modifications to unification theory, and assessing the
geometry of the obscuration region. Although not exhaustive, this thesis will work
to contribute answers to these areas of AGN study. Questions to be specifically
examined in this work are listed in Section 1.2.3.
1.2 AGN
1.2.1 What are Active Galactic Nuclei?
Active galactic nuclei (AGN) are enormously luminous objects located at the cen-
ters of many galaxies, and they consist of material falling into supermassive black
holes. Universal to AGN is a prodigious luminosity assigned to an unusually small
volume. The e ciency for such intense energy production on a small scale requires
the most e cient known radiation mechanism (✏ = 0.1), accretion into a relativis-
tically deep gravitational potential. The falling matter collapses into a rotationally
supported disk and spirals into the potential well. The observational constraints that
one can place on the emissive volume allow us to infer that the gravitational well must
be a supermassive black hole (Krolik, 1999). The most compelling example of this is
the Keplerian rotation seen via water masers in the accretion disks (e.g., Claussen &
Lo, 1986). The masers of NGC 4258, o↵set 0.13  0.29 pc from the center, trace line
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of sight velocities of ±1000 km s 1 from the galaxy systemic velocity revealing a mass
of 3.6⇥ 107M  concentrated within 0.13 pc (Miyoshi et al., 1995). Furthermore, the
adherence of the masers to Keplerian motion implies a mass distribution with radius
 0.012 pc, implying ⇢ > 5 ⇥ 1012M  pc 3. This density, if not initially a SMBH,
would quickly collapse into one.
Despite the simple premise of infalling matter, AGN emit across an incredibly
broad range of energies. Although not universal, some AGN have been observed
with comparable luminosity per logarithmic energy interval across thirteen decades of
energy (Krolik, 1999). Determining the mechanisms for this broad radiation requires
understanding of the morphology of AGN across a huge variety of physical scales.
1.2.2 AGN Morphology and Observation
The compact nature of AGN has made them nearly impossible to image in any
electromagnetic frequency but radio. Radio observations show that the supermassive
black hole at the center of some galaxies is surround by an accretion disk. That this
disk is occasionally warped remains unexplained (Miyoshi et al., 1995; Herrnstein
et al., 2005). Orbiting material must transfer angular momentum outwards in order
to move inwards along the disk. Theoretical mechanisms for this transfer have been
suggested but none are totally understood. The most common proposed mechanisims
include turbulence driven viscosity (Shakura & Sunyaev, 1973), turbulent Maxwell
stresses (Balbus & Hawley, 1991), and magnetically bound outflows (Begelman et al.,
4
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1983). The latter is particularly interesting because material ejection could be used
to explain the presence of dust responsible for disk anisotropy.
The most commonly known kind of AGN is classified as a Seyfert galaxy (Seyfert,
1943) and is defined as a galaxy with an incredibly bright point-like nucleus. Seyferts
are less luminous than quasars, their more distant and unresolved counterparts. There
are two types of Seyfert galaxies, Type 1 exhibit both broad (FWHM ⇠ 103 to 104 km
s 1) and narrow (FWHM ⇠ 250 to 900 km s 1) optical emission lines, Type 2 show
only narrow lines. The emission of these lines is thought to originate in two distinct
regions, the broad line region (BLR) and narrow line region (NLR). The bifurcation
of AGN type is explained by the commonly named “unification theory” which as-
serts that both classes are drawn from the same parent sample but observed by us
at di↵erent inclination angles (Antonucci, 1993). An equatorial obscuration region
of dust is proposed to surround the central accretion disk and thus blocks both the
velocity-broadened emission lines from the BLR and any relativistically-broadened
emission lines from the accretion disk. For simplicity of this straw man model, the
obscuring region was initially assumed to be toroidal in shape. The Type 1 and Type
2 nomenclature (unobscured and obscured respectively) is used for both Seyferts and
quasars. AGN are sometimes assigned a fractional numerical classification depending
on the relative narrow and broad line strengths (i.e. 1.2, 1.5, 1.8, and 1.9). Unifica-
tion theory explains many other observational characteristics across many wavelength




The accretion disk emits most strongly in the UV (Elvis et al., 1994). Dissipative
momentum transferring processes heat the disk (Shakura & Sunyaev, 1973) so that
the primary emission is blackbody in nature (Malkan, 1983). Above and below the
plane of the disk, a corona of relativistic electrons inverse Compton scatters much
of this radiation yielding a power-law component in the X-ray band. The exact
shape of the spectral continuum between the optical and soft X-ray energy bands is
unclear even for Type 1 AGN, as it is often obscured by intervening gas either in the
host galaxy, intergalactic medium (IGM), or the interstellar medium (ISM). When
unobscured, the BLR emits emission lines which are broadened to Doppler widths in
the range ⇠ 1, 000 to 25, 000 km s 1. The origin and shape of this high-density, high-
velocity gas is uncertain, but it is believed that the BLR clouds may exist in either
a disk wind or in extended sections of the disk itself (e.g., Elvis, 2000). The time
delay between disk continuum emission fluctuations and BLR emission line variability
can be measured in a process called reverberation mapping to determine the BLR
radius (e.g., Peterson et al., 2005). When combined with line-of-sight velocities
from BLR widths, the virial theorem can be invoked to estimate black hole masses.
This method provides the most robust AGN black hole mass estimator but requires
extensive spectroscopic variability measurements. Work by Kaspi et al. (2005) has
demonstrated a luminosity-BLR radius scaling relation, yet this has resulted in many
less robust mass estimates being based on only luminosity and BLR line width.
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The theoretical underpinnings of disk accretion are understood, but the specific
mechanisms remain speculative. The exact method for angular momentum transport
is uncertain and details regarding disk winds, magnetic confinement of ejecta, and
energy transfer to the hot plasma of the corona remain tentative. A new category of
thick, radiatively ine cient, accretion disks has been proposed as more low luminosity
AGN are discovered (Abramowicz et al., 1995). These new disks are likely advection
dominated and have entirely unique emission properties (Narayan et al., 1995). Our
level of understanding of the theoretical physics of these objects is shown when one
considers that the presence of an equatorial obscuration region in these objects is
unclear (Elitzur & Ho, 2009). This means we are capable of producing accretion
models that reproduce some AGN SEDs (e.g., Nenkova et al., 2008b; Hubeny et al.,
2000), but none are free of assumptions.
The coronal X-ray emission remains unobscured at the highest energies (at least
for typical Compton-thin AGN), but soft X-rays can be depleted or entirely obscured
from our view by intervening dust (e.g., LaMassa et al., 2011). Narrow emission
lines are visible originating from clouds of dust and gas both above and below the
accretion disk. The clouds that make up these narrow line regions (NLR) are far
enough from the disk and obscuring equatorial region that they are expected to emit
isotropically. Isotropic emission is confirmed by the strength of the most common
narrow lines such as [O iv] 25.89µm, [Ne ii] 12.81µm, [Ne iii] 15.56µm, and [Ne
v] 14.32/24.32µm (e.g., Meléndez et al., 2008; Diamond-Stanic et al., 2009; Rigby
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et al., 2009). No line strength disparities in the IR for a hard X-ray selected sample of
nearby AGN are observed between Seyfert 1 and 2 populations (Weaver et al., 2010).
Even farther out from the NLR, narrow collimated jets are often seen in the
radio band on both sides of the host galaxy. Their morphology is varied and their
size ranges from barely resolvable to hundreds of kiloparcecs in length. Radio lobe
jet galaxies are subdivided into those with core-dominated emission, and those with
an immensely bright leading edge; known as Fanaro↵-Riley 1 and 2 radio galaxies
respectively (Fanaro↵ & Riley, 1974). Curiously, the core dominated emission lobes
(FR1s) often feature bending down the length of the lobe (e.g., 3C 31) indicative of
either a host galaxy interaction or a variable jet orientation (Kembhavi & Narlikar,
1999). These objects, while easily resolved and often times very radio bright, give only
a small fraction of the total luminosity at radio wavelengths. A frequently used cuto↵
to distinguish between radio loud and radio quiet AGN is Lradio/Loptical ⇠ 2 ⇥ 10 4
(Krolik, 1999) highlighting the weakness of the radio emission. Although the exact
mechanism for launching these often enormous jets is unknown, symmetry dictates
the jets are normal to the accretion disk. Interestingly, there has been no detected
correlation between the jet position angle and the galaxy disk axis in Seyfert galaxies
(e.g., Schmitt et al., 1997; Clarke et al., 1998; Nagar & Wilson, 1999). There is also
a unique phenomenon of incredibly bright non-thermal emission seen from radio to
hard X-ray when the jet is oriented in the line of sight of the observer. These objects,
termed blazars, demonstrate incredibly anisotropic synchrotron and inverse Compton
8
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emission that is relativistically beamed toward the observer. This results in highly
variable and luminous objects.
1.2.3 Open Questions
1. Obscuration related angle dependence is not completely understood.
Because most of the obscuration is due to dust, which has a sublimation temperature
⇠ 1500K, most re-radiation in the infrared is expected. The heated dust should
act as a blackbody with a sharp edge where the dust is being destroyed by ionizing
radiation. The simple solid torus shaped cloud model has been replaced in practice
with an ensemble of dusty clumps (Nenkova et al., 2002). The variety of infrared
spectral shapes observed is better fit with a group of clumps with a multitude of
ionization parameters depending on cloud location instead of a large smooth torus
(Krolik & Begelman, 1988).
The size of the putative toroidal region has been roughly estimated to have a
radius comparable to the height (R/H ⇠ 1) based on analysis of the observed type 1
and 2 objects (Antonucci, 1993); but accurately quantifying this requires an unbiased
AGN catalog as well as an accurate understanding of the toroidal shape and features.
Most AGN continuum studies focus on unobscured AGN (Section 3.4) so little work
has gone into reproducing the entire distribution of AGN types with toroidal models.
Given the limited testing of advanced torus models on multiple AGN types, little is
known about model applicability and ability to predict the degree of obscuration.
9
CHAPTER 1. INTRODUCTION
2. The origin of the dusty torus as well as the impact of AGN variability
on the torus are unknown. The torus clouds are generally treated as static objects
in AGN continuum modeling. Some speculate that magnetically confined, radiation
pressure driven outflows might be responsible for clumpy torus clouds (e.g, Krolik,
1999; Elvis, 2000). If this is the case, it has been noted that incredibly low luminosity
AGN may lack the radiation pressure to sustain winds of this nature eliminating the
possibility of true type 2 low-luminosity AGN (Elitzur & Ho, 2009). IR variation in
AGN is well studied (e.g., Ulrich et al., 1997; Minezaki et al., 2006; Landt et al.,
2011) but has never been linked directly to specific torus continuum simulations.
3. Isotropic nature of the NLR region remains unknown. The NLR regions
of many nearby AGN have been directly observed (e.g., NGC 1068, Evans et al., 1991).
The [Oiv] 25.89µm line has been claimed to be a good tracer of bolometric luminosity
with identical distributions between type 1 and 2 AGN (Diamond-Stanic et al., 2009).
But at the same time, the BAT AGN sample contains 6 previously undiscovered AGN
that are under-luminous in [O iv] (Weaver et al., 2010). The [O iii] line has also long
been used as an isotropic indicator, but for a reddening corrected sample, Weaver
et al. (2010) confirm that it does not reliably gauge AGN activity. This discrepancy
demonstrates that even seemingly ideal isotropic features can be obscured by host
galaxy dust.
4. What is the nature of AGN feedback? A mechanism for SMBH-galaxy
feedback was suggested by Rees (1998). He modeled supermassive black holes formed
10
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before the majority of the galaxy bulge became stars that regulate star formation with
ionizing radiation and AGN outflows. The exact details of this regulation are specu-
lative. Furthermore, we know that jets visibly impact the interstellar medium (ISM),
and AGN are often observed with high levels of host galaxy nuclear star formation.
Many studies have compared AGN frequency and galaxy morphology. Adams (1977)
noted the tendency of radio quiet AGN to be in disk galaxies whereas radio loud
objects were primarily in elliptical galaxies. Despite significant complications due to
likelihood of radio loud galaxies to be significantly brighter then the morphologically
observable radio quiet counterparts, this trends seems to stand (Krolik, 1999). An
additional unknown is the correlation or lack thereof between galaxy and AGN orien-
tations. As previously mentioned this is uncorrelated in the case of jets, but perhaps
a sample not relying on radio emission might have a di↵erent outcome. Only a com-
pletely unbiased and resolved set of AGN is capable of definitively revealing whether
or not a correlation exists
1.3 The Scope of this Thesis
This thesis examines the geometry of the obscuration regions in nearby AGN using
infrared spectroscopic observations. We remain open to questions regarding accretion
physics, host galaxy properties, and AGN evolution; however we will focus our e↵orts
using these fields as tools to isolate the geometric properties of a sample of AGN.
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Our goal is based on the applicability of our data to the problems of the field as well
as on the strengths of our unique technique and approach to model fitting. Previous
work in this subfield lacks a comprehensive and unbiased sample and methodology
such as ours.
Observations in the IR were substantially limited before the launch of the Spitzer
Space Telescope. Limited by atmospheric molecules, atmospheric windows in the IR
have made ground-based, complete spectroscopic continuum observations of AGN
impossible. The advent of space based IR telescopes has steadily and incrementally
increased capabilities from the Infrared Astronomical Satellite to Spitzer. The use of
IR indicators to search for AGN will be discussed in the Chapter 2; here we will focus
on how IR data has impacted our knowledge of AGN.
1.3.1 Current Literature
Infrared AGN observations are inherently geared towards the study of two emission
mechanisms: thermal torus warm dust and gas, and narrow emission line region
clouds. The former is di cult to resolve and easily confused with galaxy dust so
has been limited in its study. It is most easily studied using photometric continuum
measurements (e.g., Stern et al., 2005; Alonso-Herrero et al., 2006; Ward et al., 1987).
The latter of these are easily visible with ground and space based observations so has
a wealth of prior observations and resulting literature.
NGC 1068 exemplifies the attempts that have been made to observe both torus
12
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and NLR clouds photometrically for a very near (14.4 Mpc) and bright Type 2 Seyfert
galaxy. High-resolution IR photometric observations reveal both an ionization cone
with a similar orientation to radio jet observations (Rouan et al., 1998; Alloin et al.,
2000; Bock et al., 2000) as well as a perpendicular structure 80 pc in width purported
to be a torus by Marco & Alloin (2000). Ja↵e et al. (2004) use interferometric mid-IR
observations to resolve a structure 2.1 pc thick and 3.4 pc wide that they claim to be
the first resolved AGN torus. Galliano et al. (2003) use high-resolution photometric
data to create a nuclear SED in order to test torus geometries but find that with
12 photometric data points, they are incapable of assigning strong constraints on
geometric parameters. Furthermore, their fluxes are derived from observations with
varying apertures and stellar subtraction methods. Although a great deal can be
learned about a single AGN with comprehensive photometric analysis, the majority
of modern AGN IR research has focused on IR spectra of AGN.
IR emission lines can be used as a probe of NLR activity and can reveal information
regarding cloud velocities (Crenshaw & Kraemer, 2000), metalicity (Groves et al.,
2006b), shape (Kaiser et al., 2000), densities (Meléndez et al., 2008), and ionizing
radiation (Meléndez et al., 2011) of the NLR. Although these lines exist in the UV,
optical, and IR and all of these can be used to probe NLR conditions; the only
emission lines capable of penetrating dusty obscuration are those in the IR. The use
of these IR emission lines and ratios to detect AGN will be discussed in Chapter 2.
13
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1.3.2 The State of Theoretical Models in the IR
The next step in AGN spectroscopy is the modeling of continuum emission with
comprehensive models that include torus, NLR, and host galaxy dust. The wide vari-
ety of spectral shapes possible is demonstrated byWeedman et al. (2005) and is indica-
tive of the flexibility in modeling required when modeling AGN continua. Whereas
photometrical SED have been enlightening regarding basic torus properties (e. g.,
Pier & Krolik, 1993; Granato & Danese, 1994), modern space-based spectroscopy has
dramatically increased the ability to constrain models. Torus models have relied on
two independent geometries to account for the variety of SEDs observed, that of a
smooth flared disk (e.g., Efstathiou & Rowan-Robinson, 1995; Manske et al., 1998;
van Bemmel & Dullemond, 2003), and that of a clumpy disk (e.g., Nenkova et al.,
2008a,b, hereafter N08). Whereas both sets of models have been applied successfully
to data (e.g., Fritz et al., 2006; Mor et al., 2009, respectively), the clumpy medium
models have a few advantages. The torus was initially thought to be clumpy (Krolik
& Begelman, 1988) to protect the grains from photodissociation, but smooth models
were an easier modeling starting point (Pier & Krolik, 1992, 1993). Smooth distribu-
tions however lack the ability to match the range of far-IR emission observed as well
as require a finely tuned set of parameters to account for face-on silicate emission
feature suppression (Nenkova et al., 2002). These problems can be solved with the
use of clumpy media (Rowan-Robinson, 1995). N08 created a comprehensive set of
clumpy models that will be explained in Section 3.3.3.
14
CHAPTER 1. INTRODUCTION
As seen from the photometric data, the NLR can also be responsible for substantial
IR emission. These regions have been modeled by Groves et al. (2006a, hereafter G06)
with consideration given to both the emission line and continuum emission. Details
of the model will be given in Section 3.3.4. Schweitzer et al. (2008, hereafter S08)
used their model with a combination of blackbodies representing torus emission to
fit a sample of Palomar Green QSOs. They found observed silicate emission can
be reproduced by their NLRs and also fit several geometric NLR parameters such
distance and covering factor for their sample. Mor et al. (2009) and Mor & Netzer
(2012) (hereafter M09 and M12) also fit a sample of AGN with both N08 and G06
models. Their work exemplifies both the e cacy of these two models as well as the
geometric characteristics of a sample of Type 1 Seyferts. Our analysis will include
an evaluation of the fitting technique, models, and parameter distributions of these
previously studied samples (Section 3.4).
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Identifying a Less Biased Sample
2.1 Previous Samples
The creation of a standardized, unbiased, and complete sample of AGN is a di -
cult task for several reasons. AGN can appear di↵erent to an observer depending on
the wavelength in which they are seen. Elements of the broad AGN spectrum can be
absent or faint because of intrinsic di↵erences in the AGN geometry (e.g., radio jets)
or obscured by orientation dependent AGN dust or other intervening material. The
varied nomenclature of AGN is a result of the fact that depending of the wavelength
of observations, AGN can look like fundamentally di↵erent phenomena. Samples de-
rived solely from observations within a single electromagnetic bandpass can select
very di↵erent objects.
We will make a quick overview of historic surveys in an e↵ort to justify the ro-
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bustness of our hard X-ray selected sample of AGN. We will begin with observations
in the radio band and work our way toward X-ray energies.
2.1.1 Radio Surveys
Radio searches are biased toward radio-loud AGN and su↵er contamination issues
at low luminosities. Radio emission is usually associated with AGN jets, and thus
is emitted anisotropically. The unique geometry and brightness of radio jet emission
makes radio observations extremely e↵ective at finding AGN, yet less than 10% of
AGN have luminous radio emission (White et al., 2000). At lower radio luminosities,
the AGN radio emission generally lacks a clear morphology, and is di cult to discern
from the radio emission associated with star formation (Barger, 2004). Rapid-evolving
star formation is often present in both active and inactive galaxies, meaning that
follow up observations in wavebands other than the radio are necessary to detect
AGN without resolvable jets in low luminosity radio surveys of AGN.
2.1.2 Optical Surveys
Samples of AGN constructed in the optical regime are highly biased in their se-
lection. The most notable optical survey bias is intrinsic to the AGN itself; optical
emission is obscured by the presence of AGN dust in Type 2 AGN. No photomet-
ric optical selection technique can overcome this bias. Independent of this caveat,
17
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photometric colors can be used to determine which galaxies contain optically lumi-
nous AGN. Selection criteria can be made to separate the broad and smooth AGN
optical continua from the thermal, strongly curved galactic spectra (Sandage, 1971).
However, completion of such a sample is di cult because robust elimination crite-
ria are required to isolate the small fraction of AGN compared to inactive galaxies
(Hartwick & Schade, 1990). This optical selection technique is clearly biased against
finding faint AGN in relatively bright host galaxies. One complication is that opti-
cal galactic continuum emission can appear flattened and therefore less thermal, due
to redshifted Ly↵ emission (Krolik, 1999). For larger redshifts, the AGN SED can
appear less flattened (and more thermal) in the optical due to Lyman continuum ab-
sorption (Krolik, 1999). An additional complication arises in surveys of nearby AGN
where objects without resolved host galaxies are cut to eliminate stars (Barger, 2004).
This can bias against extremely AGN dominated galaxies that appear point-like.
Even after the application of stringent color criteria, objects classified by color
often require optical spectroscopic follow up observations to eliminate contamination
of a sample by galaxies that do not contain AGN. AGN systems provide discrete
signatures of kinematically broadened emission lines, but these broad lines are only
observable when unobscured by the putative torus. The broad lines serve as a defini-
tive but heavily biased method of discovering AGN. Narrow emission lines can also
indicate activity especially with the use of specific diagnostic line ratios (e.g., Kewley
et al., 2006). Because spectroscopic classifications are more robust than photometric
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ones, an ideal survey would simply take spectroscopic measurements of every galaxy.
The Sloan Digital Sky Survey (SDSS) has become a valuable optical data set.
Through mapping the entire sky, the SDSS delivers a flux limited galaxy survey
with spectroscopic follow-up of many kinds of objects. Most notable is the color
selection (based on the ugriz colors) of probable AGN. Outliers of a stellar locus in
four dimensional color space are targeted for spectroscopic observations (Richards
et al., 2002). Derived from these spectroscopically observed objects, and another
⇠ 100, 000 galaxy spectra, Hao et al. (2005) find 6,391 confirmed nearby AGN fainter
than the magnitude cut o↵ r = 17.77. These local AGN are supplemented by 105,783
spectroscopically confirmed quasars (Schneider et al., 2010).
2.1.3 Ultra-Violet Surveys
The AGN SED shows a strong intrinsic peak in the UV because of hot gas as-
sociated with the accretion disk (Shields, 1978). UV light plays an important role
in AGN mechanics, photoionizing the leading edge of the obscuration region (e.g.,
Barvainis, 1987), possibly aiding in ejection of magnetically bound regions from the
disk (e.g., Pelletier & Pudritz, 1992), and serving as a source of photons to be inverse
Compton scattered into the X-ray (e.g., Bregman, 1990). Yet for edge-on AGN this
UV emission is almost completely obscured creating a paucity of type 2 AGN that
are observable in the UV. Furthermore, star forming regions excel at the production
of UV light (Kennicutt, 1998), often near the nucleus of other galaxies, and the stel-
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lar contribution to the integrated spectrum can be significant. Observations are also
inhibited by UV attenuation from our atmosphere, the Milky Way, the intergalactic
medium, and the AGN host galaxy.
Despite the di culties with observing in the UV, galaxies with UV excesses be-
tween 3400  6900 Å noted by Markarian et al. (1989) led to the ground based First
Byurakan Survey yielding 1515 UV objects. These objects were later named Markar-
ian galaxies. From this sample, there are roughly 200 Seyferts, several dozen quasars,
and hundreds of starburst galaxies. Although a vital contribution in its time, the
output of this survey remains incredibly small compared to other survey techniques.
2.1.4 Infrared Surveys
The second largest peak in AGN SED occurs in the infrared (Elvis et al., 1994).
This primarily thermal emission is inherent to the warm dusty, molecular obscura-
tion screen surrounding AGN. It is supplemented with narrow forbidden emission
lines originating several parsecs away from the AGN core. Both regions likely emit
isotropically and are ubiquitous amongst AGN. The shape of the AGN IR continuum
spectrum has not been well enough established to find AGN exclusively with photo-
metric color criteria and requires spectroscopic confirmation (e.g., Weedman et al.,
2005). Spectral line-ratio diagnostics based on narrow emission lines fluxes are used
to detect AGN activity, yet a perfect selection criterion has not been established. One
example of this is the use of the [O iv] 25.89µm/[Ne iii] 15.56µm and [Ne iii] 15.56
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µm/[Ne ii] 12.81µm line ratios to isolate AGN activity (Weaver et al., 2010). The [O
iv] line correlates with hard X-ray flux – an indicator of AGN bolometric luminosity
– to a strong degree (Weaver et al., 2010; Rigby et al., 2009). Similarly, [Ne v] is
found to be a strong indicator of AGN bolometric luminosity (e.g., Abel & Satyapal,
2008). Despite the IR band having several indicators of AGN activity, assembling
an unbiased IR spectral catalog requires a more e↵ective searching methodology then
is currently available. The observations require exposures of significant length and
can be di cult to justify for faint targets. The James Webb Space Telescope will
significantly enhance the ability to find AGN using IR spectra (Gardner et al., 2006).
Many attempts have been made to create an unbiased flux-limited IR catalog.
An early attempt by the Infrared Astronomical Satellite (IRAS), used photometric
color criteria to establish an AGN candidate pool based on warm IR colors (de Grijp
et al., 1987). This yielded 1071 candidates with an 18% contamination rate and
excluded ⇠30% of optically and UV identified AGN (de Grijp et al., 1992). This
early photometric data could not provide statistically complete samples. One thing
that was discovered is that at low redshifts (z < 0.2), Type 2 AGN outnumber Type
1 (Padovani, 1998), a notable finding given the inherent bias for Type 1 AGN of most
previous surveys. Subsequent catalogs were built around the Two Micron All-Sky
Survey (2MASS), a ground based photometric survey with a limiting magnitude of
K  14. The Red AGN survey (Cutri et al., 2002) used color based selection on this
data set and follow up spectroscopy to discover 485 new AGN. The ratio of Type 1
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to Type 2 is nearly four to one (Cutri et al., 2002), implying that a photometric color
based survey limited to this atmospheric window does not find most obscured AGN.
Photometric IR AGN searches have yet to overcome completeness problems given the
robust cuts needed to eliminate the huge number of inactive galaxies.
2.1.5 X-ray Surveys at Soft and Medium X-ray
Energies
AGN often display a significant amount of X-ray emission from the accretion
disk and the disk corona. The intrinsic X-ray SED is generally described as a cut-
o↵ power-law that can be easily modeled as thermal Comptonization (Haardt &
Maraschi, 1991). Additionally, a bump component (⇠40 keV), a soft excess (⇠2 keV),
and Fe K↵ emission lines with large equivalent widths (a few hundred keV) are often
observed (Gandhi, 2005). The bump is attributed to Compton reflection from the disk
(Matt et al., 1991). The soft excess could represent the process of Comptonization of
photons through a warm coronal layer, a merging of a large number of relativistically
blurred soft X-ray lines, or an as of yet unidentified model (Krolik, 1999). The Fe
K↵ lines are thought to have a number of origins including those that are broadened
(> 10, 000 k s 1) and redshifted by orbital motions deep within a potential field near
the black hole (e.g., Mushotzky et al., 1995) and those far from the central black hole
(Weaver et al., 1996).
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Observations within the X-ray regime provide an e cient method of finding AGN;
any compact source with a luminosity > 1042 erg s 1 (2-10 keV) is considered to be
an AGN. This soft-to-medium X-ray emission can be blocked by Compton thick ob-
scuration making it di cult to create an unbiased sample of AGN. Furthermore,
observations made in this regime frequently rely on grazing incidence telescopes in
order to isolate and image the AGN, but such telescopes are ill suited for large sky
surveys (i.e. they require trading resolution for large fields of view). Soft X-ray sur-
veys have been especially e↵ective for tracking type 1 AGN evolution (e.g., Hasinger
et al., 2005) and so once absorption e↵ects have been eliminated, X-ray surveys can
excel at tracing activity over a large redshift range.
2.1.6 Hard X-ray Surveys
I have explained how the orientation and obscuration e↵ects can strongly bias
AGN surveys in radio, UV, optical, and soft X-ray regimes. The two wavelength
categories left in which bias is less of a problem are the IR and hard X-ray band. The
latter of these two fields represents the newest and most discriminating AGN survey
tool. Newest in the sense that the technology has only recently reached needed levels
of e ciency. Most discriminating in that, despite the potential for source confusion
from poor imaging resolution, there are relatively few non-galactic hard X-ray sources
in the sky that are not AGN. Furthermore, the increased sensitivity of X-ray detectors
allows for the detection of all but the most Compton thick AGN.
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Two hard X-ray surveys have been carried out in the last decade. The Interna-
tional Gamma-Ray Laboratory (INTEGRAL) is an ESA launched satellite sensitive
from 15 keV to 10MeV with a 0.24 steradian partially coded aperture. It is particu-
larly adept for detecting faint sources with directed pointings. Although this satellite
is capable of creating a substantial minimally biased AGN catalog, we choose to utilize
the data from the Swift observatory.
2.2 Our Sample: Swift BAT AGN
The Swift Burst Alert Telescope (BAT, Barthelmy et al., 2005) was designed
to hunt for gamma ray bursts (GRBs) and follow up with observations of GRB af-
terglows. Optimized for searching the entire night sky, the Swift BAT instrument
uses a coded aperture mask to observe 2 steradians of sky at a time. The mask is
D-shaped with a 50% of its area blocked by ⇠54,000 randomly positioned lead tiles
(5⇥5⇥1mm) one meter from the detection plane. The 1.2 by 0.6m CdZnTe detector
is sensitive from 15   150 keV with a coded response, and up to 500 keV uncoded.
The coded aperture typically yields 4 arcmin position information. While not ob-
serving in burst mode to detect and locate GRBs, the telescope is creating the most
thorough hard X-ray survey to date. Despite markedly reduced sensitivity compared
to other satellites such as INTEGRAL, the wide field of view and extended observa-
tion time make it uniquely capable of detecting a large sample of AGN candidates.
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Given the relatively poor astrometric accuracy inherent with non-imaging hard X-
ray astronomy missions, follow up observations are necessary to verify newly-found
objects. Observations with other onboard instruments such as the Swift X-Ray Tele-
scope (XRT) allow for AGN verification where archival soft X-ray data do not exist.
Because the survey is ongoing, several iterations of BAT results have been published
(Tueller et al., 2008, 2010; Baumgartner et al., 2012).
Our targeted objects are derived from both the nine- and 22-month iterations
of the Swift BAT AGN catalog (Tueller et al., 2008, 2010). Object identification is
hindered along the galactic plane (|b| < 15) as a result of source confusion, so the
Swift BAT sample avoids this region. Every object is selected with 4.8  detection. Of
these objects, 266 are identified using follow up XRT or archival observations to be
AGN (Tueller et al., 2010). Those that are determined through archival photometric
IR observations to be bright enough are selected for Spitzer IRS observation. The
objects can be split into those bright enough for both high and low-resolution data,
and those fainter objects with just low-resolution data. Di↵erences between these
data sets and capabilities will be described in the next chapter.
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Observations and Data Reduction
3.1 Spitzer Infrared Spectrometer
The Spitzer Space Telescope was launched in August 2003 as the last of NASA’s
four great observatories. The mission was meant to last a minimum of 2.5 years,
limited by the 260 liters of onboard liquid helium required to maintain cryogenic
conditions for the instruments. The cryogen actually lasted just under 6 years, and
now the satellite operates with only the shortest wavelength observations in what is
called the Spitzer “warm” mission. The satellite contains two photometric imaging
instruments and one spectroscopic instrument. The former are called the Multiband
Imaging Photometer for Spitzer (MIPS) and the Infrared Array Camera (IRAC).
MIPS collected data in three energy bands at 24, 70, and 160µm. IRAC made
simultaneous four-band observations at 3.6, 4.5, 5.8, and 8µm. The warm mission
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Figure 3.1: From Spitzer IRS manual, summary of IRS module properties. Actual
slit positions are not parallel as depicted. Actual position angles relative to Spitzer
roll angle of 0  are SL = +84.7 , LL = +181.2 , SH = +221.5 , LH = +136.7 , and
Peak-up = +181.2 .
continues to observe celestial objects with the 3.6 and 4.5µm filters where the current
30K instrument temperature still produces useful data. Although data from these
instruments have not been taken specifically for this project, a great deal of archival
observations exists which aids our research.
Our work focuses on the use of spectroscopic data taken from the Spitzer Infrared
Spectrometer (IRS, Houck et al., 2004). This instrument consists of four modules
divided between high and low resolution as well as long and short wavelengths (Figure
3.1 shows the spectral coverage and resolution by module). The module aperture is
slit shaped so that one dimensional spatial information can be collected after the light
is di↵racted by the the grating. The high-resolution modules pass the filtered light
through two gratings which disperse the light in perpendicular directions. This results
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in an echelle (ladder-shaped) 2d pattern on the detector (each rung is a di↵erent
order) maximizing resolution and spectral coverage on a square detector. Each high-
resolution module has a di↵erent slit size and the SH slit is placed nearly perpendicular
to the LH slit on the Spitzer focal plane. Observers cannot request specific slit
orientations except in extreme cases. The low-resolution modules (Short Low [SL],
Long Low [LL]) are only di↵racted once but are further divided into two slits each
(representing two orders, i.e., SL1 and SL2) requiring twice the exposures for each
module. This provides the added benefit of simultaneous background observations
wherever both slits are observed; the SL1 slit image can be subtracted from SL2.
The data for this project were mostly obtained by us in two observing runs with
Spitzer (PI: K. Weaver). The goal of our program was to obtain the first high quality
IR spectral survey of an unbiased local AGN sample. These targets provide a means
for insight into the true distribution of IR properties of AGN. It is only by having an
independent measure of AGN strength and from a well-observed hard X-ray sample
that one can untangle the complexity of the IR data. A hard x-ray survey will find
all Compton thin AGN in a uniform fashion and determine their intrinsic luminosity.
With these data we search for the thermal AGN continuum in the IR, constrain star
formation in the galaxies, and construct non ad-hoc continuum models based on hard
X-ray fluxes.
Each of our IRS observations is grouped by astronomical observation request
(AOR) and follows a generalized observing strategy. This is initialized with slew-
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ing the telescope so that either the target or a known o↵set object is visible to the
peak-up detector. This peak-up observation uses either red (13-18.5µm) or blue
(18.5-26µm) fields of view and the SL detector array to make a photometric image.
A centroid position is determined automatically in order to refine the pointing and
to insure proper astrometry (a required step given the narrow slit size and 1” inher-
ent astrometry errors). Subsequently, the shift to and between modules contributes
negligible pointing error. The target is acquired with a small slew of the telescope
with whatever combination of modules is requested. The IRS can be used in either
a staring mode centered on a single point, or in a spectral mapping mode that scans
over extended objects. All of our observations occur using the former. To create
subtraction regions, we supplement our high-resolution observations with o↵-target
observations using an identical observation strategy. For science exposures, a sample
up the ramp (SUR) scheme is used to read pixels. This scheme identifies and miti-
gates cosmic ray data loss by sampling each pixel multiple times between resetting
the pixels for each exposure. Every IRS observation is duplicated after “nodding”
down the length of the slit so that the object is positioned at 1/3 and 2/3 the length
of the slit, ameliorating errors caused by bad pixels. The SUR readings and nodding
are repeated for a user-defined number of cycles for each observation (e.g., a 6 second
ramp duration for 2 cycles would result in 4 spectra with an on-source integration
time of 24 seconds).
Two proposals to study BAT AGN with Spitzer IRS were approved (PI: K.
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Weaver). The first randomly selected 20 previously unobserved BAT AGN deter-
mined to be bright enough for observations with archival IRAS observations. The
second proposal sought to supplement the pilot survey with 49 additional IRS spec-
tra capable of detection prominent emission lines, host galaxy PAH features, and the
AGN IR continuum. In total, high-resolution data were collected for the 34 brightest
local AGN. Low-resolution data were taken for the remaining fainter and more distant
objects.
Table 3.1 describes which objects are observed, the net on-target observing time
for each object, whether or not the observing strategy included high- or low-resolution
modules, host galaxy classifications, and AGN activity classifications. A description
of the classification of sources is given in Section 6.1.
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3.2 Data Reduction
The data for each of our objects are reduced using an identical process. The data
were downloaded using Leopard, the Spitzer Science Center’s original data archive
tool. Since 2010, the Center has switched to the Spitzer Heritage Archive, a web based
tool with similar capabilities. Each observation is split into an Astronomical Obser-
vation Request (AOR) with a subsequent number used for sorting. High-resolution
background observations are frequently given their own AOR number. Initially, every
observation is checked by eye using the overlay tool, which allows the slit positions
to be projected onto other FITS photometric images. This confirmation of targeting
allows for verification that each slit contains the object of interest as well as allowing
for classification of the adjacent features such as heavy extended host galaxy con-
tamination. Where available, MIPS, IRAC, and SDSS data are used in this process.
Similarly, the background observations are checked for contamination. Through this
process we have insured that all of our AGN are contained within their slits; observed
some galaxies with non-negligable galactic features in their low-resolution subtraction
regions (i.e. Section 4.3); and verified that none of our high-resolution background
observations contain bright objects that would render them useless.
Basic calibrated data (BCD) files are downloaded with all relevant calibration files.
The BCDs have already undergone the batch mode, non-interactive pipeline. This
includes tasks such as correction for cosmic rays and an estimation of the slope of the
linearized data signal ramps as described in the IRS Pipeline Handbook. The BCD
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files that we use are the fully processed 2d spectroscopic data, pixel status masks,
traceable uncertainty images, and droop images tracing flux in unilluminated pixels.
I carry out further reduction by using the contributed IDL software dark settle.
This package removes scalloping and order mismatch in the Long High module data
by removing time-dependent non-uniform dark currents. Next, we make 2d sky sub-
tracted images for each data file. This is done prior to data extraction as advised
by the Spitzer Science Center help desk in order to minimize errors. All of our high-
resolution data sets are accompanied by o↵-target observations generally obtained
within minutes of the original observation with an identical observation strategy to
our target strategy. Because the low-resolution data are taken from two slits, half
of a given observation is always o↵-target. These o↵-target data are used as the
background image with important caveats. First, the o↵-target slit is not necessarily
empty. The slit centers are only separated by 79-192 arcsec so that light from the host
galaxy flux could be included in the integrated spectrum for nearby, extended host
galaxies. Secondly, this observing strategy means o↵-target observations are taken
on di↵erent sides of the object for the two orders of a given module. This, combined
with the roughly perpendicular SL and LL slits, means that background images are
taken from four distinct regions surrounding the central object (see Figure 3.2). The
on-target and o↵-target unextracted data images are subtracted directly, with errors
added in quadrature for each pixel. The pixel status masks are combined with a bit-
wise OR command that notes flags for each pixel from both masks. After subtracting
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Figure 3.2: NGC 4395 SDSS image with selected slit overlays. For low-resolution
apertures, yellow represents the first slit, red denotes second slit. High-resolution
background images are outside of field of view. Crossed rectangles represent peak-up
array apertures while not in use.
the background, the resulting 2d spectrum is cleaned of rogue pixels using irs clean.
This interactive IDL tool creates bad pixel masks using a built-in algorithm that de-
tects extremely bright lone pixels or clusters of pixels. After a rogue pixel is found,
the program determines a flux profile according to the neighboring row, normalizes
it to the remaining pixels in the a↵ected row, and substitutes for the rogue.
The spectrum is next extracted using the Spitzer IRS Custom Extraction (spice)
software. The high-resolution data are extracted over the entire slit without slit-
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loss corrections (the default for point source high-resolution extraction). The low-
resolution data were extracted over a computer defined region tracing a peak ridge
in the spatial dimension. This extraction width in the spatial direction shrinks with
decreasing wavelength. The output of the data extraction is a calibrated 1d flux
spectrum covering all the orders for a given module. The edges of each order are
contaminated with large flux errors due to the e↵ects of the chip edges. In order
to mitigate these errors, the order overlap regions (where data are present from two
orders) are trimmed. This is most easily carried out using the Spectroscopic Mod-
eling Analysis and Reduction Tool (smart) because of its superior GUI interface.
Trimming is done manually to insure that all usable data are incorporated. Spurious
data are only removed when an adjacent, well-behaved region of another order can
be used in its place. Following trimming, the data are binned to match the spectral
resolution of the module at each wavelength. Each bin averages over overlapping
orders as well as over multiple cycles and positions (nods) of the same object with
2  clipping. The systematic uncertainty for each point is combined with the random
uncertainty in quadrature.
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3.3 Modeling
3.3.1 XSPEC
I model the data using the spectral fitting package originally designed for ana-
lyzing X-ray data, xspec (Arnaud, 1996). The primary advantage of this modeling
technique is the ease of adding user-defined models. With the help of Keith Arnaud
(NASA/GSFC/UMD), a script was implemented in order to prepare our binned one-
dimensional output for xspec. The instrumental response of each module at every
wavelength was incorporated so that a theoretical model can be fitted to all the data
sets simultaneously. Models are fitted using a  2 minimization technique with a
modified Levenberg-Marquardt algorithm. Model parameters are either frozen (e.g.,
redshift) or limited to narrow ranges based on results from prior observations and
model feasibility (e.g., estimated bolometric luminosity). One-dimensional errors are
determined by varying a single parameter within its allowed range while refitting the
non-frozen parameters until  2/⌫ > 2.706. This threshold defines the 90% confidence
interval for the single parameter. This process also replaces the tested parameter
with a better value if a lower  2 is found. The iterative fitting technique insures that
the model is not trapped in a local minimum by testing a large portion of possible
parameter space. The drawback of this approach is that the estimated errors cannot
exceed the parameter range limits. Multiple models can e↵ortlessly be fit simultane-
ously. Additionally, observations can be split into groups so that some parameters
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can be allowed to vary while others remain the same while fitting all the data simul-
taneously. This allows us to investigate spectral components that vary with time and
with aperture (see Section 4.7).
We have amassed a small collection of infrared models from the literature to
capture the underlying physics of the AGN. Several of the models used are sparsely
populated multidimensional grids that xspec is capable of interpolating between for
each free parameter. Our models include the e↵ects of both the AGN and the host
galaxy and are designed to be as self-consistent as possible. The use of published
models allows us to include all the relevant physics while exploring the e cacy of the
most recent and detailed models in the field. While most of our models are previously
computed, we are required to reproduce the simulations of our NLR models as they
are not available publicly. Additionally, although already simulated and available,
our torus models require a selection of parameters that are evenly distributed and
complete across our desired parameter ranges. Figure 3.3 shows a cartoon depicting
a typical AGN including regions of IR emission that we model.
3.3.2 Host Galaxy Dust Model
In order to model the contribution of host galaxy star formation regions, we use
infrared spectral models assembled by Draine & Li (2007, hereafter, DL07) to describe
the dust that is heated by starlight. These models assume a mixture of carbonaceous
grains, amorphous silicate grains, and polycyclic aromatic hydrocarbons (PAHs) with
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Figure 3.3: Cartoon of an AGN at the center of a nearby galaxy. Shown are the
molecular torus that surrounds the BLR and accretion disk in this edge-on view. The
jets emerge along the axis of the SMBH rotation and highlight the location of the
NLR clouds that are lit up by the AGN.
size distributions capable of reproducing the extinction curve of the Milky Way. The
only dust composition parameterization required is qPAH , the PAH mass fraction,
which is given a range of 0.47 to 4.58% by DL07. This variable is used by DL07 to
distinguish between varying grain size distributions used by Weingartner & Draine
(2001) to reproduce extinction curves on Milky Way sightlines characterized by RV ≡
AV /(AB −AV ) = 3.1, a value typical for the diffuse ISM. Although the set of models
defined by this range of qPAH certainly does not encapsulate all possible dust grain
size distributions, extending the modeling to outside this range is beyond the scope
of this work. Instead, we allow for a larger range of silicon extinction using dust
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absorption models that are applied to AGN and host galaxy models when needed
(see Section 3.3.5).
The absorption properties of the PAHs are derived from spectral observations
of local galaxies as well as laboratory data (DL07, references therein). The models
include the e↵ects of single-photon heating. Starlight intensity is parameterized by the
dimensionless scaling factor U , the starlight intensity relative to the local interstellar
radiation field. Because the starlight intensity will vary substantially within a galaxy,
DL07 use a distribution of U values defined as a delta function at Umin, and a power-
law (U↵) between Umin < U < Umax with exponent ↵. These components represent
di↵use ISM dust and circumstellar dust respectively. DL07 find that a large sample
of SEDs can be suitably fit with Umax = 106 and ↵ = 2 so we freeze these parameters
in our model. The fraction of dust which is circumstellar is   (U > Umin). The
parameters defining a given model curve are qPAH , Umin, and  . The parameter
ranges tested (  = 0  1, Umin = 0.1  25, qPAH = 0.47  4.58% ) should be capable
of fitting a variety of galaxy spectra (DL07). The dust mass (Mdust) can be derived
from the normalization parameter. A small subset of the SED’s are plotted in Figure
3.4
3.3.3 Clumpy Torus Model
Following the example of M09, we use the clumpy torus models of N08 in order to
account for the equatorial dust surrounding the AGN. The model postulates a distri-
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Figure 3.4: Selection of host galaxy SEDs with varying qPAH
bution of identical dust clouds each with optical depth ⌧v surrounding the accretion
disk emission, defined as a piecewise power-law spectrum (N08, references therein).
Occupying a toroidal volume, these clumps are distributed radially with a power-
law defined density r q and a sharp cuto↵ that is some multiple of the inner radius
(Y = Ro/Ri). The poloidal angular distribution of clouds is Gaussian with width  .
The overall density of clouds is defined by the mean number of clouds along a radial
equatorial line N0. The resulting AGN classification is therefore only probabilistically
dependent on viewing angle i (see Figure 3.5).
The probability of photon escape (Pesc = e N0⇤e
  2/ 2
where   = 90    i from
N08) corresponds to the probability that the accretion disk surrounding the SMBH is
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unobscured, which is dependent on N0, i,  , and ⌧v. For those AGN displaying broad
emission lines, Pesc could be used as a model constraint to approximate a reasonable
probability of photon escape. We refrain from using this constraint in order to test the
e cacy of our models. Given the three parameter dependence and limited features
of some of our models in the IR, we do not expect every model to accurately predict
AGN inclination and type (via Pesc). Our analysis (Section 6.2) will show that for
this ensemble of objects our models faired well in matching known AGN type.
The cloud distributions inner radius Ri is set by the AGN bolometric luminosity
(Lbol) and the sublimation temperature of the composite dust, a grain mixture with
standard interstellar properties (N08). Lbol is used to scale the flux of the model but
has no e↵ect on the spectra curvature. This is because an increase in bolometric lumi-
nosity will spread the torus brightness over a larger area while maintaining an identical
dust temperature distribution when scaled by the inner radius (Ri) (N08 section 2.3,
and appendix A). We discuss the methodology for determining Lbol in Section 3.3.6.
The radiative transfer code dusty (Ivezic & Elitzur, 1997) is used to determine the
radiative properties of individual dust clouds whose ionizing spectra vary depending
on location. The clumpy (N08) software determines global emission properties that
depend on the cloud distribution and viewing angle. The free parameters (and tested
parameter ranges) of the model are ⌧v (10  100), q (0  1), Y (5  60),   (15  75 ),
and i (0 90 ). A model grid is assembled using a sparse but complete grid of 7,680 of
the ⇠1.4 million previously computed models available online spanning the plausible
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Figure 3.5: Diagram of the equatorial obscuration region taken from N08. Labeled
are i, the inclination from disk normal to the observer;  , the angle of Gaussian distri-
bution from the plane of the torus; Ri, the sublimation temperature and bolometric
luminosity determined torus inner radius; and Ro, the torus outer radius
parameter space. A subset of the resulting SEDs is shown in Figure 3.6.
3.3.4 Narrow Line Region Model
The Narrow Line Region (NLR) emission has been previously modeled by G06 in
a manner that we reproduce with an extended parameter space. Using the mappings
iiir code, we compute the IR emission spectra of a cloud of dust with a given size,
composition, and a given local radiation field using appropriate dust physics includ-
ing stochastic heating. The model input parameters are well described and justified
by G06 and S08 and will be briefly summarized here. The dust is presumed a com-
bination of graphitic and silicaceous grains with a modified grain shattering profile
size distribution (with index ↵ =  3.3). PAHs are thought to be destroyed in the
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Figure 3.6: Selection of clumpy torus SEDs with varying inclination
NLR through photo-dissociation by the hard AGN radiation and thus we omit them
from the model. Solar abundances and local ISM depletion factors are used (Dopita
et al., 2005, references therein). The input ionizing spectrum is a combination of two
power-laws with exponential cut-o↵s similar to that used by N08 (G06, see their Fig-
ure 1). A constant density structure is assumed for simplicity with n(H) = 104cm 3
(S08). The column density is limited to NH = 1021.5cm 2 (G06, S08). The flux
of the model is determined by the covering factor of the NLR. The only other free
parameter in this model is the ionization parameter (U), a dimensionless ratio relat-
ing the ionizing flux to the particle density U = Fion/nHc . We test ten ionization
parameters between log U = 1 and  4.3 which xspec can interpolate between. The
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Figure 3.7: NLR SEDs with varying ionization parameter
range of ionization parameters are typical of NLRs (S08) with the high value (log
U = 1) being an extreme case and the low value (log U =  4.3) being too cool to
contribute significant emission for our observations. For each of 80 logarithmically
binned dust sizes, absorption, scattering, and photoelectric heating is calculated to
derive a probabilistic temperature distribution. This in turn is used to determine the
IR re-emission spectrum (Figure 3.7) with quantum fluctuations (G06).
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3.3.5 Silicate Absorption Model
We incorporate a multiplicative extinction curve in our modeling to account for
silicate absorption at 9.7 and 18µm that is not associated with the AGN. Silicate dust
in the Milky Way and host galaxy ISM is responsible for the strongest IR galactic
absorption features (Li, 2007). Although this creates a silicate absorption degeneracy
with the AGN, the exact absorption profiles di↵er in the two markedly di↵erent envi-
ronments (Li, 2007). Our models are based on the extinction curves used by PAHFIT
(Smith et al., 2007), a Spitzer IRS spectral decomposition algorithm that emphasizes
the recovery of silicate absorption features. Our first attempt at modeling extinction
(parameterized as Stype = 3) uses a model that linearly combines tabulated silicate
absorption lines and a power-law with an exponent of 1.7 (Smith et al., 2007). The
9.7µm profile is taken from a Galactic center study between 8.0 and 12.5µm (Kemper
et al., 2004). The 18µm feature is given a Drude profile, a slightly asymmetric profile
for a classically damped harmonic oscillator similar in shape to a Lorentzian profile
(Smith et al., 2007). The relative strength of the power-law is allowed to remain a free
parameter (  = 0 to 1). We also attempt to fit our data with two other extinction
curves derived from Chiar & Tielens (2006). They utilize Milky Way observations to
define a local ISM extinction curve and a galactic center extinction curve (labeled as
Stype = 0 and 1 respectively). Longward of the tabulated data at 30µm, a power-law
with an exponent of 1.7 is used with no additional free parameter. We normalize all
three curves with their optical depth at 9.7µm.
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3.3.6 Bolometric Luminosity
We use the IR data combined with hard X-ray fluxes in order to define a bolomet-
ric luminosity used to both scale our clumpy torus model and to determine geometric
ramifications of our best-fit NLR model. The NLR model is una↵ected by the bolo-
metric luminosity as the only variable that e↵ects spectral shape is the ionizing flux
parameter. An accurate bolometric luminosity is required however to determine the
NLR radius and covering factor (Section 6.3).
To create an unbiased bolometric luminosity catalog for our objects we combine
the hard X-ray Swift BAT fluxes with the integrated Spitzer IR spectra flux. This
avoids the double counting problem caused by absorption in the optical, UV, and
0.1-10 keV regimes that are reprocessed into the IR. This approach is similar to that
of Vasudevan et al. (2010), who combine Infrared Astronomical Satellite (IRAS) and
Swift BAT fluxes to determine bolometric luminosity for an IR and hard X-ray flux
limited sample of AGN. Our IR data features substantially smaller aperture size com-
pared to the instruments of IRAS simplifying host galaxy subtraction. Also, inherent
to our IR modeling is the ability to subtract the host galaxy IR contribution and thus
we are able to isolate the AGN IR emission with our detailed spectral models. The
fitting of IR emission is an iterative process as the bolometric luminosity a↵ects the
normalization of the clumpy torus model. We refit our models until the bolometric
luminosity used to normalize the torus model is within 2.5% of the measured (IR and
hard X-ray) bolometric luminosity. The resulting AGN IR emission is added to the
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hard X-ray (14-195 keV) emission from the 70-month Swift BAT catalog (Baumgart-
ner et al., 2012) utilizing the longest exposure times available in order to average out
variability. Our IR data lacks this long exposure time, meaning IR variability can
a↵ect our resulting luminosities. We predict that the Spitzer IRS misses cooler IR
emission but this emission is generally dominated by host galaxy cool dust emission.
The total bolometric luminosities are listed in Table 3.1.
3.4 Previous Attempts to Model the IR
Continuum
Initial attempts at IR continuum fitting primarily tested individual model geome-
tries on large samples of AGN using photometric observations (Pier & Krolik, 1993;
Efstathiou & Rowan-Robinson, 1995, e.g.,). The use of Spitzer IRS data allows for
substantially more detailed models and more robust spectral fitting. As previously
mentioned, G06 create a set of NLR cloud models in an attempt to explain both
observed emission line fluxes and dusty continuum emission. Follow-up work (S08)
uses high-resolution IRS spectra to evaluate the e↵ectiveness of their NLR models.
Using IRS observations of a sample (Guyon et al., 2006) of 23 Palomar-Green AGN
(Schmidt & Green, 1983), S08 fit IR spectra after subtracting a normalized M82 tem-
plate to account for host galaxy flux. The remaining emission is modeled with up
to four blackbody curves (representing the torus and cool host galaxy dust) and the
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NLR dust component. All emission lines were removed with the gaps ignored in the
fitting routine. Error is redefined so that it is proportional to the inverse, square-root
of the local sampling density to insure that better sampled regions do not dominate
the fit (S08, equation 4). The error is also proportional to the flux of a best fit power-
law in the vicinity of the individual data points (S08, equation 4). This ignores the
systematic error of individual datum and minimizes the contribution of data that
deviate from a power-law.
M09 fit the same data sets using N08 clumpy torus models instead of multiple
blackbodies models. They similarly handle host galaxy emission with subtraction
of a static M82 template before fitting the remaining models. In order to eliminate
the emission lines, M09 bin the data into 100 equally spaced energy bins e↵ectively
smoothing any lines. The error is not propagated through this binning; it is redefined
as 10% of the flux in each bin. The resulting  2 statistic is said to be “di↵erent” then
the one normally used in statistical analysis. They find that even with the use of
the N08 torus model, an additional blackbody component is required to explain low
wavelength emission. This is explained as purely carbonaceous dust within a radius
defined by the silicate dust sublimation temperature (M09). The graphitic dust would
have no impact on the prominent silicate absorption/emission features that the N08
model attempts to model. After publication, it was revealed that the N08 model code
used before 2010 contained an error resulting in incorrect normalizations (see erratum,
Nenkova et al., 2010). The exact impact on the models of M09 are unknown, but we
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must assume the resulting fits are collectively less reliable.
M12 applied similar fitting techniques to an expanded group of 115 nearby (z <
0.2) Type 1 AGN derived from work by Sani et al. (2010) combined with the M09
sample. The model fitting of M12 utilizes more sophisticated host galaxy model
subtraction by using the best fitting of five star formation templates. The templates
are normalized so that the remaining 7.7µm flux (a PAH feature emitted by galactic
dust) is less than the noise at that wavelength. Although this technique is more
flexible, M12 report that for some spectra the host galaxy flux exceeds the observed
flux in narrow wavelength ranges (e.g., 6.5   7.5µm) rendering the remaining AGN
SED “meaningless.” The clumpy model is updated with the correct normalizations,
but M12 report that using the exact techniques of M09, they are incapable of fitting
their sample of Type 1 AGN with low inclination models. Because the low inclination
models are brighter than their spectra, they introduce an additional normalization to
the torus model. M12 justify this by suggesting the graphitic dust of M09 might block
a significant fraction of the AGN luminosity and reradiate in the IR. The graphitic
dust is modeled with an additional cloudy model with five input parameters. The
resulting model spectrum appears very similar to multiple summed blackbody spectra.
The data are binned and error estimated identically to M09.
In previous attempts to model the IR AGN continuum (e.g., S08, M09, M12),
silicate absorption by the host galaxy is ignored. Work modeling starburst galaxies
(e.g., Brandl et al., 2006; Smith et al., 2007) utilize silicate absorption components
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in order to recover the observed 9.7µm absorption feature in these inactive galax-
ies. Although introducing these multiplicative models into our fitting algorithm adds
complexity, there is little doubt that silicate dust absorption occurs in galactic dust
as well as the AGN torus (Li, 2007).
Our work utilizes both theoretical models and fitting procedures previously used
while improving the methodology, host galaxy modeling technique, and sample se-
lection. Our host galaxy model is considerably more flexible than the templates
previously used and is capable of reproducing PAH features that match our data.
Because we fit our host galaxy at the same time as the rest of our AGN models
the statistical uncertainty of the stellar subtraction is propagated instead of being
ignored. We use the updated torus models of N08 eliminating the incorrect normal-
izations that a↵ect the M09 results. We choose not to incorporate the more detailed
graphitic dust models of M12 because we lack the spectral coverage to justify the
additional parameters required with a such a complex model. Additionally, we are
capable of producing torus models of all orientations that correlate well with model
type (see Section 6.2). Our statistical approach is considerably more robust than our
predecessors as we do not redefine the errors of our data. This results in fit statistics
that lack artificial deflation and reflect the actual ability of our models to fit the data
(Section 5.2). Several of our model components require the use of the AGN bolomet-
ric luminosity which we have estimated using hard X-ray and IR flux (Section 3.3.6).
All the previously mentioned authors utilize bolometric correction factors to derive
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the bolometric luminosities from the 5100 Åluminosity (i.e., Lbol = 9 ⇥ L
5100Å
). Our
Lbol values are inherently time averaged in the hard X-ray and require no correction
factor. The most fundamental di↵erence with our work however is the application
torus modeling to a significantly less biased catalog that includes AGN of all types.
Prior to our work, these models have never been applied to obscured AGN.
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A Detailed Example of Applying
Data Techniques
4.1 NGC 4395
NGC 4395 was initially chosen as the first to be modeled because it is the nearest
object in our sample (z = 0.00106). The essentially bulgeless Sd dwarf galaxy contains
the faintest known Seyfert 1 nucleus (Filippenko & Sargent, 1989) with Lbol ⇠ 1.2⇥
1041 erg s 1. The galaxy is located at a distance of 4.0±0.3 Mpc (Thim et al., 2004).
It was found through reverberation mapping (see Section 1.2.2) to contain a central
black hole with MBH = (3.6± 1.1) ⇥ 105M  (Peterson et al., 2005). From the most
recent BAT survey, 9.4 months of integrated observation time over the course of 58
months reveal a time averaged hard X-ray luminosity L14 195keV = 5.77± 0.99⇥ 1042
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erg s 1 (Baumgartner et al., 2012). Broad emission lines dominate the optical and
UV spectra (Filippenko & Sargent, 1989; Filippenko et al., 1993; Moran et al., 1999).
Wrobel & Ho (2006) present radio data resolving weak radio emission indicative of
an outflow.
NGC 4395 is highly variable. Soft X-ray variability was well observed by Vaughan
et al. (2005) using a 90 ks XMM-Newton observation (0.2   10 keV). The fractional
excess rms variability amplitude is reportedly over 100% making it one of the most
variable known AGN. Half of a 17 ks Chandra observation (0.3   10 keV) revealed
transient quasi-periodic behavior lasting at least 11 cycles with a period of ⇠400 s
(Moran et al., 2005). Similar oscillation was tentatively reported in another 30 ks
Chandra observation with a period of 341 s, but the authors failed to find the feature
in a second identical Chandra observation or XMM-Newton data (O’Neill et al., 2006).
Variations in spectral softness (counting rate ratio between the 0.4   3.4 keV and
3.4   8.0 keV bands) that have been attributed to enhanced soft X-ray variability
are thought to be the result of variations in absorbing material in the line of sight
(O’Neill et al., 2006).
The optical continuum varied by a factor of ⇠ 2.2 at 3800Å over the course of
six months while B- and I-band observations demonstrate 20% variability in one day
(Lira et al., 1999). Cross-correlation analysis shows that the optical emission lags
behind UV and X-ray emission by 24+7 9 and 44± 13 minutes respectively, consistent
with a model in which X-ray photons are reprocessed into UV and optical photons
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(Desroches et al., 2006). Analysis of optical and IR ground based photometric data
suggests two variable spectral components; one with intraday flux variations, likely
originating from the outer accretion disk, and the other on the monthly timescales,
probably thermal emission from toroidal dust (Minezaki et al., 2006).
NGC 4395 represents a unique AGN given its observational history. It serves as a
good test bed for our methodology because of its proximity, the availability of many
observations at other wavelengths, and the ability to compare our results to previous
work. Additionally, its variability and low luminosity allow us to both demonstrate
the ease of model fitting with variable parameters in xspec as well as demonstrate
the applicability of our models down to the lowest luminosities in our sample.
4.2 Observations
Observations of NGC 4395 with the Spitzer IRS were taken as part of three
separate campaigns with low- and high-resolution observations separated by one year
(June 2007 and June 2008 respectively). This time gap is used to compare flux and
model shifts over the course of one year. Archival low-resolution observations lasting
1,463 seconds are incorporated into our analysis. Our requested observations totaled
122 seconds in the SH and LH modules, but was immediately followed by 743 seconds
of total high-resolution observations requested by another observer. These data sets
were combined to reduce errors. The total on-target integration time is 39 minutes.
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In addition to the IR data, we examine the concurrent hard X-ray data supplied
by the Swift BAT in order to identify periods of variability. NGC 4395 was observed
over the course of 5.45 years for a total of 9.4 months (Baumgartner et al., 2012). This
time was broken up into 28,890 individual observations averaging around 14 minutes
with a net S/N of 14.16. We bin these observations using two-month time weighted
averages with corresponding errors.
4.3 Photometric Analysis
We verify the astrometry of our observations by overlaying the slit projections
onto archival images of our object (Figure 4.1). Extensive prior multiwavelength
observations allow us to glean much valuable information regarding what is contained
within our slit projections. The slit size varies substantially with module yet, because
of our extraction methodology, the extraction area is comparable between high- and
low-resolution modules. Within each low-resolution module the extraction area does
however vary with wavelength, but our extraction software attempts to correct this.
What parts of the galaxy are contained within the IRS slits? We need to know
the answer to this question to be able to model the IR data appropriately. In the
Hubble Space Telescope (HST ) ACS image (Figure 4.1), based on the spatial extent
of the brightest part of the galaxy nucleus, it appears as if the AGN may not be
fully contained within the SL slit projection. Yet analysis of the spatially collapsed
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Figure 4.1: NGC 4395 image composite with high (green) and low (magenta) resolu-
tion extraction areas projected, clockwise from top; optical: HST ACS image using
F435FW, F555W, and F814W filters; IR: Spitzer IRAC 3.6µm, 5.8µm, and 8.0µm fil-
ters; UV: GALEX NUV (2267Å), XMM-Newton OM UVW1 (2910Å), and U (3440Å)
filters.
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IRS spectrum from the perpendicularly aligned SL and LL modules confirms that the
AGN is actually well centered within the two slits. The failure to completely align
the ACS image with the slit projections is a result of the ⇠1” absolute astrometry
error that each is subject to. The correct Spitzer IRS target position is also verified
by the peak-up array before observation, and skewing during an observation after
initial targeting results in negligible relative pointing error according to the Spitzer
IRS manual.
Our UV composite image consisting of the Galaxy Evolution Explorer (GALEX )
near UV filter (2267Å) along with the XMM-Newton Opitical/UV Monitor (OM)
UVW1 (2910Å) and U (3440Å) filters reveals that several bright knots of presumed
star formation are included in both the high- and low-resolution data sets. Addi-
tionally, there is di↵use UV emission from the galaxys circumnuclear region likely
mapping less dense star formation regions. The Spitzer IR Array Camera (IRAC)
images complement this by demonstrating the presence of warm circumstellar dust
concentrated near the galaxy center.
Di↵use UV radiation is also seen in the low-resolution background observations,
which traces faint IR emission between 3 and 9µm. This emission is substantially
lower than the nuclear emission. Our high-resolution data are observed to have a
fainter subtraction area since the background observation is farther from the galaxy
center. Analysis of these regions (via full IRS extraction of the subtraction regions)
demonstrates that the background flux di↵erences between modules are within flux
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errors when scaled by the extraction area.
Additional structure is apparent in the optical image. Matthews et al. (1999)
note two structures at 0.25” and 1” from the nucleus using the WFPC2 B- and I-
bands, which they presume to be a nuclear ionization cone, an area of rarefied gas
illuminated by the AGN and shaped by the torus shadow. Archival ACS imagery
shows the 1 feature as a blue filament just west of the AGN. Presuming they are
correct and our pointings are accurate, all NLR regions will be contained within the
slits (widths from 3.6” to 11.1”). We can also take into account the orientation of the
o↵-center NLR in order to infer that the disk is not face on. To make a conservative
disk inclination minimum hard limit, we take the projected opening angle of the NLR
region visible in the archival WFPC2 and ACS images and halve it (opening angle
⇠ 40  and imin ⇠ 20 ). Presuming a conical NLR, this guarantees that the single
ionization cone remains on only one side of the AGN as observed.
4.4 Fitting Process
After all of our NGC 4395 data has been reduced and formatted so that it is
xspec readable, we begin plotting our data and fitting our models. A flux mismatch
between high- and low-resolution data sets is apparent, but we first fit all the data with
identical models. We begin modeling our spectra using only the clumpy torus and
NLR emission models as we presume all AGN contain these features. Our resulting
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best-fit model continuum is nearly featureless with a  2/⌫ = 2.65 (Figure 4.2a). None
of the features of the AGN are fit and the model averages between the two disparate
continuum fluxes, especially between 10 and 13µm. We note a subtle increase in the
quality of the fit with the addition of another NLR model  2/⌫ = 2.52 (Figure 4.2b),
but we feel the complexity of the model can be better matched with components
of a di↵erent type. Several broad feature are apparent which correspond to PAH
emission wavelengths (e.g., 7.7 and 11.3µm). We add our host galaxy component to
the model and find that these features are easily accounted for while improving the
quality of the fit ( 2/⌫ = 2.20, Figure 4.2c). Inclusion of an additional NLR feature
has an incredibly small impact on the fit quality ( 2/⌫ = 2.18, Figure 4.2d) as the
two models are nearly identical. The three physically motivated models fail to fit
a low wavelength excess below 10µm that is apparent in the low resolution data.
Substantial improvement ( 2/⌫ = 1.98, Figure 4.2d) is made with the inclusion of
an 1800K blackbody (similar to that used by S08 and M09, Section 3.4). We realize
that in order to fit the data, our model needs to encapsulate the di↵erence in flux
and spectral shape between high- and low-resolution data. Initially, we allow the
host galaxy flux to vary between the two data sets ( 2/⌫ = 1.42, Figure 4.2e). This
significantly improves the fit quality, but is unsatisfying in the direction of the flux
shift.
We presume the cause of the high- and low-resolution flux mismatch is two-fold;
our di↵erent sized module slits encapsulate di↵erent amounts of extended host galaxy
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Figure 4.2: Attempts to model NGC 4395 as plotted by xspec. For clarity, data is
binned so that total significance of each bin exceeds 5  with a maximum of 10 datum
per bin. The attempted models shown are a). Torus and NLR, b) Torus and two
NLR, c) Torus, NLR, and host galaxy, d) Torus, two NLR, and host galaxy, e) Torus,
NLR, host galaxy, blackbody, f) Torus, NLR, varying flux host galaxy, blackbody
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light (Figure 4.1) and our extraction region may not handle extended emission ac-
curately. The first of these issues leads to more host galaxy light in the larger slit
low-resolution modules. The second issue occurs because our method of extracting
the data in point-source mode inaccurately measures the extended host galaxy emis-
sion surrounding our point-like AGN emission. Point source emission is subject to slit
light losses when measured, an a↵ect that is implicitly accounted for in calibration.
A spatially flat extended field of emission however will experience no slit light loss
(losses and gains will be equal) so the implicit slit loss corrections must be removed.
To correctly estimate the slit loss correction factor for our data, we would need to
know, a priori, the galaxy light profile extending out from the AGN core emission.
This factor would reduce the absolute flux of the extended emission by up to 10%
according to the IRS Instrument Manual. Importantly, this factor would change both
the host galaxy flux and the AGN flux (which should be una↵ected by extended source
corrections). Even if the slit loss correction could be estimated we would not want
to use it. Using a pure point-source extraction will artificially increase the extended
component of the flux for our low-resolution data (IRS Instrument Manual).
These extended emission problems should both artificially increase the low-
resolution host galaxy flux. The data and corresponding models however both show
that the measured high-resolution IR emission is more luminous than the low reso-
lution data. In order to account for the flux di↵erence between modules, we need to
address AGN variability with our models.
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We can determine what physical AGN elements specifically are varying by testing
for best fit. The ability to free any fraction of parameters between models is built
into xspec. We assume that the NLR region is resistant to AGN variability on the
timescale between our observations (1 year) as the projected light travel time from
the accretion disk is between 16 and 60 lightyears. Any temporal host galaxy dust
variation will likely be negligible. We therefore assume the disk and surrounding
obscuring region are the only possible time changeable components. Minezaki et al.
(2006) confirm this by observing intraday IR variations indicative of toroidal origin.
We start by assuming the main contribution to variability in the clumpy N08
models is the accretion disk luminosity; evidenced by the dramatic variability ob-
served from the UV to X-ray. We free this parameter between modules. Adjusting
the bolometric luminosity scales the model with an implicit assumption that the in-
ner and outer disk radii increase with luminosity (N08). We cannot however find a
suitable fit with only this one free parameter. Initially, we test if we are capable of
modeling the obscuring region by assuming only the inner disk radius changes with
Lbol. This is accomplished by requiring the Y parameter to vary as the inverse square
root of the luminosity change (which accounts for the dust sublimation defined inner
torus radius variation, leaving the outer radius constant) and does not decrease the
number of degrees of freedom of our model. This significantly worsens the fit statistic
so is rejected as a possible model. We subsequently test the other model parame-
ters ( , Y, q, ⌧v, N0) independently freeing each parameter between the two models.
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Although the fit statistic varies to a small degree ( ( 2/⌫) = 0.06), the best model
is found with varying  . As an additional criterion for quality of fit, we consider a
model less robust if its derived inclination becomes pegged at the hard maximum
or minimum (indicative that the model would be a better fit if given theoretically
unlikely/impossible inclinations). We can also use the Pesc values derived from the
models with worse fit statistics (Pesc = 0.6   7%) to demonstrate that those models
are unlikely. These two additional criteria corroborate our goodness-of-fit statistic to
show that the parameter   is physically most likely to be linked to the variability.
Further testing with pairs of parameters changing reveals that although better fits can
be achieved, the degree of improvement are minuscule and they come at the expense
of feasibility according to our other criteria of a good fit. We find that changes in
Lbol and   fully explain the IR temporal variability.
We lastly try varying the hot blackbody model. M09 postulate that blackbody
emission seen in other AGN represents hot graphitic dust within the silicate subli-
mation radius. We limit our model to a maximum temperature of T = 1800K, the
carbon dust sublimation temperature. Our testing shows that because the blackbody
emission peak lies outside our observed spectral range, our blackbody temperature
cannot be finely constrained limiting our ability to test for variability.
NGC 4395 is unique in our sample as a result of variability and proximity. Our
BAT AGN IRS observations are generally taken within minutes of each other meaning
variability is not observed. NGC 4395 is the most spatially extended galaxy in our
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sample due to it’s small redshift, so slit light loss is negligible for almost all of our
sample. Our standardized strategy for model fitting is based on the experience of
modeling NGC 4395 (see Section 5.1).
4.5 Best Model Fits
We fit our data with the best-fitting combination of torus, NLR, and host galaxy
models we can assemble. The torus model is parameterized by the disk angular
thickness ( ), the torus outer radius scaled by the inner radius (Y ), the average
number of clouds through any equatorial ray (N0), the power-law exponent of the
radial density equation (q), the optical depth of the individual clouds (⌧v), and the
inclination of the torus normal compared to the line-of-sight (i). The normalization
scales with the bolometric luminosity of the AGN. The only NLR parameters are the
ionization factor (U) and the normalization. The host galaxy model is described by
the fraction of dust that is circumstellar ( ), the starlight intensity for the di↵use
ISM dust (Umin), and the PAH mass fraction (qPAH). The host galaxy normalization
describes the dust mass observed through the slit aperture.
To isolate the continuum, the 13 prominent narrow emission lines in the IR spectra
are modeled as Gaussians (Table 4.2). The low-resolution data su↵ers from subtrac-
tion of a strong o↵-target emission line resulting in the apparent absorption line at
6.47µm. This is not a real feature, it can be seen as emission in the o↵-target spec-
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Figure 4.3: NGC 4395 Spitzer IRS data with cumulative model and components.
Gaussian emission line not shown individually for clarity
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trum as well as the photometric IRAC 8.0µm image. Following this, we fit our data
with combinations of our continuum models in an attempt to minimize  2/⌫. For
both the high- and low-resolution data sets, we find that the combination of all four
models results is the best fit despite the decrease in the number of degrees of freedom
with each additional model. We show the data, models, and residuals in Figure 4.3
while model parameters are listed Table 4.1. The asterisks in Table 4.1 are indica-
tive of parameter errors hitting the extreme of tested values beyond which we cannot
extend our errors (see section 3.3.1). The high- and low-resolution models capture
both the spatially varying host galaxy components as well as the time varying clumpy
torus components. The IR spectrum contains the expected high-ionization emission
lines due to the AGN, such as [O iv] 25.89µm and [Ne v] 14.33µm, 24.34µm (Table
4.2). Typical AGN IR lines are observed similar to those in Weedman et al. (2005).
We find that our host galaxy model (Figure 4.3, light blue lines) corroborates the
previously determined low metallicity of the nucleus of this galaxy (Kraemer et al.,
1999) with a PAH mass fraction set at the lower hard limit. Our data is best fit with
a starlight intensity distribution dominated by the delta function (  = 6.7+1.9 2 ⇥10 3)
at Umin = 1.48
+0.04
 0.05 indicating dust almost entirely uniformly illuminated by low
intensity stars. The normalization parameter varies between models as expected given
68
CHAPTER 4. A DETAILED EXAMPLE
Table 4.1: NGC 4395 best-fit model parameters


















 0.09 ⇥ 10 11 7.42+0.60 0.41 ⇥ 10 12
NLR logU  1.27+0.03 0.04
Host Galaxy










norm 8.72+0.51 0.51 ⇥ 10 5
Statistics  2/⌫ 1.141
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Table 4.2: NGC 4395 emission lines
Wavelength Identification Flux
(µm) (photons cm 2 s 1)
6.471 [Ni V]  0.063± 0.046
6.707 [Cr II] 0.063± 0.028
6.964 [Fe IV] 0.131± 0.025
9.590 [Co II] 0.088± 0.015
10.508 [S IV] 0.093± 0.011
12.817 [Ne II] 0.217± 0.015
14.326 [Ne V] 0.068± 0.018
15.551 [Ne III] 0.390± 0.062
17.015 [Cr III] 0.096± 0.038
18.708 [S III] 0.252± 0.037
24.337 [Ne V] 0.142± 0.030
25.888 [O IV] 0.552± 0.039
33.504 [S III] 0.579± 0.131
34.817 [Si II] 0.494± 0.094
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extended galactic emission. Despite the probability of having di↵erent populations
of stars in the extended region, we model both data sets with the same renormalized
curve to limit the number of free parameters. This does not dramatically a↵ect the
overall fit making it a worthwhile statistical trade.
The best fit torus model (Figure 4.3, green lines) gives an average number of
clouds per equatorial ray N0 = 2.63
+0.40
 0.50. Although low in the tested range of values
(N0 = 1 to 10), the very small filling factor required for clumpiness implies a huge
number of clouds with a high best fit opacity (⌧v = 50.5
+7.2
 6.8). Additionally, the N0
value is larger than nearly 30% of the distribution of values found by M09. The
model inclination is 41.9+14.7 13.5 degrees. The torus angular width varies from 55.0
+17.5
 5.1
to 41.5+6.6 3.5 degrees while the bolometric luminosity adjusts from 0.742
+0.060
 0.041 ⇥ 10 11
to 1.28+0.09 0.09 ⇥ 10 11 erg s 1 cm 2.
It is of note that neither of these parameters a↵ects the total number of clouds,
merely their distribution. The best fit radial power law has exponent q = 0+0.21 0.0 which
implies a constant radial distribution. This impacts the anisotropy of the model but
does not have a substantial impact on the SED shape (M09). Our model is of course
limited to a finite outer disk with best-fit Ro = 100
+0.0
 10.2 ⇥Ri but this value is at the
hard maximum. N08 admit that due to ambiguity between models, the clumpy torus
size cannot be well constrained by SED analysis. We therefore do not experiment
with Y values greatly exceeding what has previously been observed.
We use the NLR model (Figure 4.3, dark blue line) to confirm our presumption
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that all of the NLR light is captured by the high- and low-resolution apertures. We
check this by fitting the high- and low-resolution data with separate NLR models
and confirm that the best fits are nearly identical. We then attempted to fit both
datasets with a pair of geometrically di↵erent NLR models. The ionization parameter
U and normalization (giving di↵erent covering factors) are allowed to vary implying
stratified NLRs at di↵erent radii to account for the two structures seen by Matthews
et al. (1999). Although a decent fit was possible, the statistical improvement is
negligible. The single NLR approach assumes the NLR is dominated by emissive
material subjected to an identical ionization field, or rather all the material is at the
same distance to our predicted ionizing spectrum.
We derive the NLR radius from the ionization parameter (log U =  1.27+0.03 0.04)
and find RNLR = 0.72
+0.03
 0.02 pc. This value is significantly below the resolved NLR of
Matthews et al. (1999) (4.8 and 19.4 pc) and therefore possible. It remains reasonable
when compared to prior photoionization work by Kraemer et al. (1999) which predicts
an NLR subjected to ionization parameter log U =  1.7. The low luminosity of
NGC 4395 limits our NLR models to a radius between 0.05 to 23.5 pc; but the
continuum emission of the more distant NLR are several orders of magnitude below
our detected continuum. We can put a lower limit on the radius of an additional NLR
(log U <  2.92 yielding R > 4.8 parsec) but statistically the model does not improve
with its inclusion.
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4.6 Validity of our models
4.6.1 Theoretical underpinning
Although selected for its proximity, prior observations, and uniquely low lumi-
nosity; we need to ascertain whether or not our models are appropriate for this test
case. Namely, we need to assure ourselves that generalized thin disk accretion models
are applicable and that NGC 4395 is not a member of a di↵erent class of objects
with accretion processes substantially di↵erent from typical AGN. One reassuring
extrapolation may be made using the Kaspi et al. (2000) M-L relationship. Us-
ing their empirically fit AGN mass-luminosity trend (equation 11) and the observed
 L (5100Å) = 5.9⇥ 1039 erg s 1 (Peterson et al., 2005), one can extrapolate an Ed-
dington ratio of 1.0⇥ 10 3. This value is of the same order of magnitude as our ratio
of 7.2⇥10 3 which is substantial given the incredible variability seen in our SED and
the inherent errors of the original fit. This suggests that the same process powers
classical type 1 AGN across three orders of magnitude in mass.
First we examine the applicability of the toroidal dust model for this low luminos-
ity AGN. If we presume that the broad-line region and toroidal obscuration region
(BLR/TOR) are both a clumpy wind driven outflows from the accretion disk (Em-
mering et al., 1992), we can assume that the presence of the one (Kraemer et al.,
1999) directly implies the presence of the other. Furthermore, we note that NGC
4395 lies well above the M-L cuto↵ for torus existence determined by Elitzur & Ho
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(2009). The argument they posit is that a weakly accreting disk will be incapable of
producing a steady state mass outflow (BLR/TOR). Therefore a region of observed
low luminosity type 1 AGN on the mass-luminosity plane can define a condition for
TOR existence. Our AGNs position on the M-L plane along with the cuto↵s theo-
retical underpinning (Elitzur & Ho, 2009) allow us to derive a maximum radiative
e ciency for our object of ⌘  0.05. This implies NGC 4395 is not necessarily within
the domain of radiatively ine cient or advection dominated accretion flow.
If we assume normal thin disk accretion, we can use the empirical fit of mass,
bolometric, and optical luminosity to the detailed relativistic disk models of Davis
& Laor (2011) to estimate the accretion rate and radiative e ciency of NGC 4395.
Using a galactic extinction corrected optical Palomar spectra (Filippenko et al., 1993),
we extrapolate down to our mass and luminosity to give estimate ⌘ = 0.44, a value
which is unphysical given the outflow argument. Presuming the optical luminosity is
actually six times brighter, supported by the bolometric luminosity, we get a much
more realistic value of ⌘ = 0.030. Although this value represents an extrapolation
an order of magnitude lower in mass than actually modeled by Davis & Laor (2011),
it confirms that the presumption of thin disk accretion is quite reasonable for NGC
4395.
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Figure 4.4: NGC 4395 fractional contribution of model components to total model;
emission lines and host galaxy model omitted for clarity.
4.6.2 Model fit analysis
We plot the fractional contribution of each model component compared to the
total model as a function of wavelength (Figure 4.4). The clumpy torus model is
responsible for 58% and 43% of the emission for the high and low-resolution fluxes
(di↵erent flux states) respectively. This is in contrast to the 25-28% contribution
for the NLR model, 13-25% for the host galaxy model, and 0.8% for the blackbody
model. This flux breakdown highlights the dominance of the clumpy model to our
analysis while demonstrating that all of our models have substantial flux contributions
at di↵erent wavelengths. For instance, below 9.8µm, the blackbody is responsible for
34% of the flux. Additionally, the host galaxy model is visibly important because
of the dominant broad PAH features (Figure 4.3), despite its relatively low overall
75
CHAPTER 4. A DETAILED EXAMPLE
flux contribution. This reassures us that the total model does not contain spurious
components contributing statistically but not qualitatively to our fit.
The variability of the two data sets is clear, especially when the data are binned
identically (Figure 4.5). We have been able to improve upon our understanding of this
variability by isolating the AGN variability from the host galaxy and NLR emission
with our models. This gives a shift of 3.11 ⇥ 10 12 to 4.82 ⇥ 10 12)erg s 1 cm 2
(between 9.86µm and 37.13µm). Isolating the AGN emission changes the degree of
variability from a 12% increase, not accounting for slit size, to a 35% absolute increase
in AGN IR flux. Additionally, our best-fit clumpy models suggest a bolometric flux
change of 7.42+0.60 0.41 ⇥ 10 12 to 1.28+0.09 0.09 ⇥ 10 11 erg s 1 cm 2, or a 42% increase.
4.7 Observed NGC 4395 Variability
In order to explain the context of our AGN IR variability we delve into the hard
X-ray data collected by the Swift BAT. Figure 4.6 shows the hard X-ray variability of
NGC 4395 and the fortuitous timing of our two IR observations capturing both low
and high emission epochs. Data is binned into two month bins and the six months
prior to each Spitzer observation are shown. Our low-resolution data were taken
during a period of low hard X-ray luminosity (0.95  below the weighted average)
and our subsequent high-resolution data were taken during a period of very high
luminosity (3.41  above). These two observations mirror our flux increase in the IR.
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Figure 4.5: NGC 4395 high- and low-resolution data binned identically in overlap
region to demonstrate flux disparity.
In addition to the time of observation flux disparity, the six months prior to the high
luminosity observation are 1.5 times more luminous than the six months before the
low-resolution observation. Although this confounds the issue of the IR response time
to the hard X-ray rate increase, its consistency simplifies the general analysis.
In addition to similar flux shifts, the observed spectral index of the two data sets
are close, despite di↵ering in energy by almost five orders of magnitude. The IR model
for the AGN emission (clumpy torus and blackbody) can be replaced with a single
power law ( 2/⌫ = 1.50) with a photon index of 2.50± 0.04. The hard X-ray photon
index of 1.99+0.31 0.29 ( 
2/⌫ = 1.19) and the photon index of the power law connecting
the data sets (1.87) strongly correlate and suggest similar origin to the IR emission
(with the slightly steeper IR curve explained by reprocessing).
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Based on the simultaneous increase in IR and hard X-ray emission, we conclude
that obscuring dust is not driving the variability we observe in NGC 4395. Whereas
cool absorbers can be used to explain soft X-ray variability (Nardini & Risaliti, 2011),
neither the IR response nor the hard X-ray power-law spectrum of NGC 4395 points
towards obscuration. Instead, we conclude that the disk/corona system drives both
energy regimes of variability. The best fit IR model suggests that the toroidal obscur-
ing region flattens (  decreases), without a↵ecting the overall number of clouds, in
response to an increase in disk luminosity. We hypothesize this is due to an increased
radiation pressure driven outflow oriented parallel to the disk. This is corroborated
by the radial cloud density power law and outer disk radius best fit by the hard lower
and upper limits respectively (q = 0+0.21 0.0⇤, Y = 100
+0.0⇤
 10.2). Our model represents the
largest disk we allow with a maximum number of clouds at the outer radius. Both
these values were relatively insensitive to changes in other aspects of the model. We
do not think that the outer region of our obscuration region has a hard cuto↵ as
modeled; instead we believe the IR emission manifests the behavior of cloud outflow
from the disk as best it can.
Clumpy, dusty outflows have been previously observed through H2O masers in
several objects, including Circinus (Greenhill et al., 2003). These masers denote X-
ray illuminated dusty clumps occupying the observed ionization cone and possibly
tracing the edges of the clumpy obscuration region (Tristram et al., 2007, their Fig-
ure 9). They likely feed the toroidal obscuration region. Although variability of
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Figure 4.6: Swift BAT 14-195 keV light curve for NGC 4395. Data is plotted with two
month bins. Circles indicate times of the high and low resolution Spitzer observations.
The flux averaged over the entire observation is plotted with a dashed line.
the maser field is not analyzed, the masers placement suggest that a large shift in
AGN luminosity could exert radially directed radiation pressure thinning the toroidal
obscuring region.
4.8 NGC 4395 Conclusions
Our analysis reveals through spectral modeling that the IR emission of NGC 4395
is both variable and well modeled using existing theoretical models. The host galaxy
model captures the PAH emission features well despite intermodule di↵erences due
to extended emission and non-empty subtraction regions. The point-like AGN light
is una↵ected by these problems and is substantially more robust. The IR emission
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is dominated by AGN light (71-84% of total IR flux) and our models represent a
significant improvement in fit over a simple power law model ( 2/⌫ = 1.14 vs. 1.50).
The non-host galaxy light is clearly variable and our models are capable of accounting
for both shifts in flux and spectral shape.
Extensive parameter testing indicates that the data is best fit by a variable clumpy
torus model in which the AGN bolometric luminosity increases while the cloud dis-
tribution flattens. The luminosity increase is also seen with concurrent hard X-ray
observations suggesting that this variability is intrinsic to the AGN and not an ob-
scuration e↵ect. We conclude that the flattening equatorial obscuring region is the
result of increased outwardly directed radiation pressure driving a substantial cloud
outflow. This is supported by a the remaining cloud distribution parameters which
are best fit with a uniform density of clouds at the maximum allowable distance from
the AGN.
While demonstrating the e↵ectiveness of our models at fitting and describing
this unique object in our sample, several important notes must be made. Firstly, the
clumpy torus model dominates our NGC 4395 emission. This AGN serves as a middle
of the road object with a notable (statistically significant) host galaxy contribution,
yet is dominated by smoother toroidal emission. This is encouraging because it im-
plies that fits should be possible with objects both host galaxy or AGN dominated.
Secondly, our modeling software is capable of adjusting for significant model compli-
cations. The ability to account easily for variable IR emission as well as imperfect
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background subtraction demonstrates the inherent strengths of our methodology and
code. Finally, we must consider the fitting statistics of our software. Although ca-
pable of finding the best possible fit for our data,  2/⌫ did not change dramatically
between models. This is partially because of the faintness of NGC 4395 and inherent
large errors on much of our data. The smooth continuum also makes it more di cult
to find a definitive model solution. There is no escaping that many good fits exist.
Our BAT AGN sample as a whole, however, contains many more peculiar data sets
with discerning features, smaller errors, and a large variety of continuum shapes. This




In this chapter, I present the analysis applied to the full sample. The model fitting
techniques here are the same as those used in Chapter 4. I describe the distribution of
models used as well as the best-fit parameter distributions for each model component.
5.1 Model Components
We fit the 66 AGN of our sample with the combination of models taken from the
discussion in Chapter 3 and the work presented in Chapter 4 that most accurately
matches our data. The model parameters are given in Table 5.1 and 5.2, and Figure
5.9 contains the data and best-fit models for every object of our sample. Our sample
demonstrates great variety in spectral shapes, all of which can be accounted with our
baseline set of physically motivated models.
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Most of our AGN classifications are taken from NED. Where multiple classes
are given, or the origin of the classification is unknown, we use cited references or
available optical spectra to make our own classifications. Several of the Tueller et al.
(2010) classifications are updated to reflect our optical spectra analysis and literature
review. Details regarding this process, and the references for the individual AGN can
be found in Section 6.1. Frequently, we use the Veron-Cetty & Veron (2010) catalog to
find literature with classifications that we cite directly. Our optical classifications are
based on SDSS (Ahn et al., 2012) and 6DF Galaxy Survey (Jones et al., 2009, 2004,
6df) optical spectra. For the Sy 1 subclass assignments, we use the Winkler (1992)
H /[O III] 5007 line ratio criteria. To distinguish between Seyferts, HII galaxies, and
LINERs, we use the same line ratio diagnostics as Winter et al. (2010, hereafter W10).
These include the theoretical HII galaxy-AGN diagnostic of Kewley et al. (2001), the
empirical HII galaxy-composite galaxy diagnostic of (Kau↵mann et al., 2003), and the
Seyfert-LINER empirical division of Kewley et al. (2006). Our classification strategy
is similar to Tueller et al. (2008, 2010). We update several classifications taken from
the 22-month BAT AGN catalog (Tueller et al., 2010) where we find compelling
evidence that the type has been mislabeled.
We use optical images from NED to identify the morphology and orientation of
the AGN host galaxies. A representative image of each AGN and it’s host is shown
in Figure 5.5.
Under the assumption that all AGN contain tori and that the IR spectra of these
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Figure 5.1: Venn diagram of model combination frequency, all models also include
the clumpy torus model.
BAT AGN are dominated by their AGN (as suggested by analysis of their emission line
ratios – Weaver et al., 2010), we use the torus model in all cases. With the inclusion
of up to four optional models (NLR, host galaxy, blackbody, silicon absorption), we
have 16 possible model combinations (Figure 5.1). Because we have a large number
of models and an extensive parameter space, we cannot uniformly test all possible
models. This necessitates a standardized procedure for the inclusion of additional
models that slowly adds complexity (Section 4.4). We begin every model fitting
using the clumpy torus model and the NLR model. If obvious PAH features are
present we also include a host galaxy model.
After fitting extensively, we then add a silicate extinction curve to the model and
84
CHAPTER 5. SAMPLE ANALYSIS
find 56 of our 66 objects (85%) have a statistically significantly better fit. Brandl
et al. (2006) find 82% of their starburst spectra models are improved with the use of
silicate absorption models supporting the idea that inactive galaxies also frequently
demonstrate silicate absorption. Given the great impact of adding this extinction
curve, the lack of attention paid to this component in previous attempts to model
AGN continuum (Section 3.4) is clearly a substantial oversight. We experiment with
each of three extinction curves for every model (Section 3.3.5). The best fit absorption
curve type and silicate optical depths will be discussed in Section 5.3.2. At this stage
we removed model components if their total flux was low enough to have no statistical
impact on the total model. Delaying removal until this stage insures that NLR and
host galaxy models that are heavily obscured by galactic dust at 9.7 and 18µm
can still be incorporated. It is also of note that the silicate extinction curves are
applied identically to all model components. The single absorption curve comes from
the implicit assumption that this obscuration is not intrinsic to the AGN, rather it
originates in the either the host galaxy or Milky Way ISM.
Where the model still fails to fit the data, we add a blackbody component as
was needed in Chapter 4 for NGC 4395. Blackbody models are frequently used in
the literature (S08, M09). The blackbody is limited to temperatures between 100K
and 1800K. We set the upper limit with the maximum possible grain sublimation
temperature given our grain mixture. The lower limit is set because we only want to
consider warm torus dust, not the cool (T = 35   65K) reprocessed stellar emission
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Figure 5.2: A two dimensional histogram of model components of the best-fit model
versus AGN type. The area of the circle used denotes how many AGN have a given
type and model combination.
(S08) which should be captured by our variable host galaxy model. Tests of our
host galaxy dust model show that a wide variation is possible in the low wavelength
end of our models, representative of di↵ering quantities of low temperature gas. This
variation is controlled by the Umin parameter, which sets the strength of the ionization
parameter at the location of the di↵use ISM dust. The majority of the time the
blackbody component is used, the model fit pegs at the high temperature limit. This
is likely because above 557K our data are incapable of observing the blackbody peak
and can only poorly constrain the temperature.
We plot the model components required for each galaxy used against the AGN
type of each galaxy in Figure 5.2. The trend to favor models that include silicate
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absorption is apparent, with a slightly stronger tendency for obscured Seyferts to be
absorbed than unabsorbed. In the results section we will discuss whether this trend
is a result of attributing AGN absorption to the galactic dust absorption, or instead
if non-AGN obscuring material is a↵ecting AGN classification. Figure 5.2 also shows
that no AGN type is dominated by a single model combination.
5.2 A Comparison of Fit Statistics
Although our fits are qualitatively impressive given the narrow parameter space
allowed for each model, the distribution of  2/⌫ values is large (Figure 5.4a). Other
authors add artificial errors or weighting to enhance fit statistics (i.e. the 10% error
added by M09, Section 3.4) and in the process redefine  2. In order to compare with
the literature, we calculate an adjusted fit statistic ( 2M09/⌫) for our sample using an
artificial 10% error and plot it with the actual  2/⌫ distribution (Figure 5.4a). The
 2M09/⌫ values for our sample have a mean of 0.63 which implies we have overestimated
error, similar to the M09 sample (mean  2M09/⌫ = 0.27). Their fit statistics are lower
because they smooth their data, omit host galaxy uncertainties, and only model Type
1 AGN. In the end, using the standard fit statistic produces better models because
inconsistent fluxes and data with large systematic errors are taken into account by
the fitting algorithm as originally intended.
Six of our models with the largest  2/⌫ values fit spectra with very small flux
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errors (mean error < 1.6% of flux) compared to the rest of the sample (mean error =
5.8% of flux). NGC 7582 highlights the flux bias of our fit statistic with  2/⌫ = 82.89
(our worst statistical fit), the largest measured IR flux, and a mean displacement of
the data from the model of 7.8%. We show in Figure 5.3 that the total  2 value is
dominated by small flux deviations from the low-resolution PAH spectral features.
The model however shows strong adherence to the complicated spectrum. These
models have qualitatively good fits, but because of their high flux, deviations from
the data are considerably larger than the flux errors. When we plot the IR flux
against our  2/⌫ values (Figure 5.4b), a clear flux bias of our fit statistic is apparent.
The correlation highlights that although  2/⌫ is adept at accurately determining the
best possible model for a given spectra, it is not an objective fit statistic to compare
between models in our sample. Our AGN continuum modeling improves upon both
the methodology and model quality of the latest work in the field (Section 3.4),
however the physics of our models is still not adequate to exactly match the high
quality of our data. We realize that in order to work at the front of this burgeoning
field, we have to settle for imperfect continuum models. Several authors have come
to similar conclusions (S08, M09, M12) and have redefined the fit statistics. We
choose to continue using the established means of fitting while acknowledging that
individual models are limited in the constraints they can place AGN characteristics.
Our spectral fitting software requires a  2/⌫ < 2 in order to compute errors (Section
3.3.1). Instead we focus on the ensemble properties of our AGN model parameters.
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Figure 5.3: Demonstration of large  2/⌫ value for NGC 7582. The top figure shows
the spectrum with errors and the cumulative model. The bottom panel shows the
contribution to the  2 statistic for each data point. Models and data are color coded
by module: SH = black, LH = red, SL2 = green, SL1 = dark blue, LL2 = light blue,
LL1 = magenta.
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Figure 5.4: Model fit statistics plots: (left to right) a.) Histogram of both true  2/⌫
values and  2/⌫ values assuming minimum 10% error for every flux bin (see text,
M09). Six high  2/⌫ values omitted. b.) Plot of total IR flux versus model fit
statistic,  2/⌫.
5.3 Parameter Distributions
5.3.1 Clumpy Torus Model Parameter Distribu-
tions
In this section we analyze the distribution of best-fit parameters for our entire
sample to examine the physics of the galaxy nuclei. In our histograms, we bin the
model parameters at or above the multidimensional input model parameter resolution.
The clumpy torus model component is used in all cases with a combination of other
models and histograms of the distribution of best-fit parameters are shown in Figure
5.5.
For the torus model, the Gaussian width of the cloud distribution about the disk
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Figure 5.5: Distribution of parameters for clumpy torus model used in fitting all data
sets. See figure 3.5 and Section 3.3.3 for parameter definitions. Large arrows denote
parameter averages.
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plane is the parameter that most directly a↵ects disk thickness and the shape of the
clumpy medium. The distribution of   values appears normal with a best-fit peak
at 39.6 . Previous e↵orts using a clumpy torus model on a sample of type 1 AGN
yielded a mean   of 34  (M09). We consider whether an excess of thicker disks occurs
with the inclusion of obscured AGN. We perform a two-sample Kolmogorov-Smirnov
test (K-S test) on the   parameter for the Sy 1 and Sy 2s of our sample. A K-S
test is a nonparametric statistical test to determine if two parameter distributions
are drawn from the same population. The probability that   is drawn from the same
population for these two samples is 82%, supporting unification. Correlations between
  and other parameters will be explored in Chapter 6.
The Y parameter distribution is consistent with prior observations (M09) despite
its small a↵ect on model curvature. The Y parameter is a stand in for the outer radius
of the obscuring torus as the inner radius is set by the bolometric luminosity of each
AGN. The distribution peaks at the low end with a relatively flat distribution out to
the upper extreme that was tested. The mean of Y values found is 27.4. The impact
of this parameter on the model curvature is noted to be small (N08), especially when
the radial density parameter (q) is large yielding a poorly defined edge. N08 postulate
that nothing in currently available IR data implies a torus radial thickness larger than
⇠ 20   30. We include larger parameter values but realize that their significance is
small given their small e↵ect on spectral shape.
We find the distribution of the equatorial number of clouds (N0) in the torus
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is relatively flat with a small peak around three. M09 observe a similar uniform
distribution with a peak at two. Interestingly, all of our Sy 1s have N0 values under
five, whereas the Sy 2s have a flatter distribution spanning the entire parameter range.
We discuss this dichotomy in Section 6.4.1 and deduce that the Type 1 AGN densities
are being underestimated by our models because it is di cult to distinguish between
the high- and low-density face-on spectral models. We show this has little impact on
other elements of the model.
Our q distribution is relatively flat with a tendency towards low values (q̄ = 0.630)
implying the emission is less isotropic. Instead of a gradual decrease in cloud density
that we might expect for an outflow, low q values imply a sharp radial cuto↵ for many
of our objects. Given the unknown nature of cloud suspension outside of the accretion
disk, especially at the outer edge of the torus, we cannot discount this possibility.
The optical depth parameter distribution (⌧v) is between the values found by M09
and M12. N08 discuss the complicated nature of this parameter in a clumpy medium
and express the di culty of isolating its impact from that of the other parameters.
Given that any ⌧v > 10 implies high mid-IR optical depth, it is not surprising that
we are relatively insensitive to it’s exact value and show a broad distribution.
The distribution of inclinations is relatively flat with an average inclination (i) of
49 . Although a perfect model and an unbiased sample would yield a completely flat
distribution, we are comforted that a K-S test of the data yields an 83% likelihood
that our data are drawn from a uniform distribution. The relationship between the
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model inclination found and the known AGN type will be studied in Section 6.2.
5.3.2 Best-fit Parameters of Additional Model
Components
We find the use of the NLR model improves the fit of 58% of our AGN. We assume
the AGN best fit without NLR components contain NLR but they are too faint to
be distinguished from the other IR components. Bright host galaxy emission, small
NLR covering factors, or large NLR distances could all make the NLR continuum flux
to weak to observe. The inclusion of the NLR model appears independent of AGN
type, a fact which validates our models and unification. The parameterization of the
NLR shape is limited to only the dimensionless ionization parameter (log(U)). Its
distribution is centered on the mean value, log(U) =  0.37, with broad asymmetric
wings yielding a negatively skewed distribution. The NLR luminosity scales with both
AGN luminosity, ionization parameter, and the covering factor. In the next chapter,
we will examine the geometric ramifications of the NLR parameter.
The host galaxy models span a large parameter space and provide a substantial
contribution to the IR spectral models, especially in type 2 AGN (Figure 5.7). Our
host galaxy dust model is dominated by di↵use dust (1   ̄ = 96.2%) represented by a
delta function at Umin in our starlight intensity distribution. This is remarkably close
to the average found by DL07, albeit in a sample of five, of 96.14%. Our best-fit Umin
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Figure 5.6: NLR ionization parameter distribution, large arrow denotes parameter
average
values locating that delta function covers the parameter range allowed and has an
average roughly double that of DL07 sample (10.6 vs 4.9). We consider this reasonable
given the apertures of our spectra are focused on the galactic nuclei compared to
the DL07 observations which encapsulate the entire galaxy. It is presumed that
nuclear dust is exposed to a stronger radiation field than the extended galaxy dust.
We find our distribution of PAH fractions (qPAH) is split into high and low groups
divided at the mean (2.53). Analysis of these groups reveals no AGN type bias, but
correlations with other parameters will be explored in the Section 6.4. Because the
small extraction regions omits the majority of the host galaxy for our sample, we plot
its normalization in terms of the fraction of total IR light within our spectra (fhost).
This is substantially more informative than the usual parameterization, which can
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be reduced to the mass of dust observed within the aperture. The host galaxy flux
fraction ranges from 5-80%. The lower limit demonstrates the minimum detectable
host galaxy contribution (all AGN should exhibit some host galaxy IR flux) whereas
the upper limit shows the smallest fractional IR AGN contribution within our sample.
Individual AGN attributes will be discussed in the analysis. We find that 60% of Sy 2s
are best fit with a host galaxy component compared to only 43% of Sy 1s. Obscured
AGN are more likely to have a stronger host galaxy contribution to their spectrum,
which implies that the AGN light is blocked, even in the IR.
Most (85%) of our models are improved with a multiplicative silicate absorption
component. Local and host galaxy reddening is likely for all of our AGN so we are
comfortable with this percentage, but we lack comparative statistics as most authors
omit details surrounding ISM silicate absorption. The average optical depth at 9.7µm
(⌧9.7µm) is 0.66 with a similar representation of all three absorption models attempted
(Figure 5.8. This is in contrast to other authors who find a clear favorite (reference).
Thirty of our best-fit models were dramatically improved with the inclusion of a
blackbody component. A low wavelength IR excess is visibly clear in many of our
models without this addition. Despite the large allowed temperature range, 30 of
the blackbodies had the best statistical fit with a temperature at the upper limit,
1800K. It is theoretically unlikely that so much dust has a temperature so close to
its sublimation temperature so we conclude that our spectral range lacks the short
wavelength data to accurately assign a temperature for this component. Our shortest
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Figure 5.7: Host galaxy parameter distributions, large arrows denote parameter av-
erages. For clarity,   parameters are sorted and plotted directly with small arrows
indicating   = 0. Host galaxy normalization is expressed as a fraction of the total
modeled IR flux.
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Figure 5.8: Silicate absorption parameter distributions, large arrows denote parameter
averages.
wavelength data (⇠ 5µm) does not capture the peak of the blackbody at temperatures
higher than 580K. Fortunately, our blackbody component only contains, on average,
around 16% of the total IR flux. We will discuss the possible location and explanations
for this component in the next chapter.
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Table 5.1: Best-fit clumpy torus model parameters
Name  2/⌫   Y N q ⌧ i
2MASX J05580206-3820043 9.25 41.67 11.79 4.21 1.38 47.58 11.83
2MASX J09043699+5536025 1.39 29.39 35.38 1.37 1.71 25.43 44.06
2MASX J09112999+4528060 3.55 40.08 20.04 3.87 1.86 84.48 75.94
2MASX J19595975+6508547 1.75 53.77 5.71 1.19 2.00 37.38 40.06
ARK 120 6.52 38.41 21.03 2.77 0.35 27.63 11.63
ARK 347 6.06 70.37 29.16 1.98 0.44 52.16 35.06
CGCG 041-020 4.3 42.15 39.75 4.57 1.02 29.51 66.16
CGCG 118-036 5.44 52.28 7.71 5.83 0.00 15.17 28.96
CGCG 420-015 23.23 51.06 27.34 3.67 1.02 36.61 24.64
ESO 005-G004 11.62 55.7 19.52 8.48 0.00 51.56 0.00
ESO 121-IG028 1.47 15.61 22.66 6.79 0.86 73.68 66.55
ESO 140-G043 10.69 45.02 52.02 3.79 0.32 34.13 0.00
ESO 141-G055 8.27 53.92 46.85 4.64 1.47 14.31 13.25
ESO 157-G023 5.26 43.3 10.33 2.98 0.97 94.44 79.9
ESO 198-024 2.52 29.33 15.5 2.73 0.00 33.42 53.84
ESO 297-G018 2.52 25.98 19.65 2.50 1.00 68.4 56.5
ESO 323-077 33.48 42.08 40.34 5.25 1.34 28.18 37.8
ESO 374-G044 18.45 44.82 10.01 6.58 0.75 83.14 72.57
ESO 417-G006 1.8 36.84 60.00 2.59 0.00 31.63 79.85
ESO 426-G002 3.83 40.44 25.64 3.78 0.29 66.21 32.06
ESO 506-G027 4.6 39.21 29.77 7.80 1.37 24.27 42.27
ESO 511-G030 6.21 40.12 39.42 1.43 0.00 12.12 67.24
ESO 548-G081 9.81 30.37 14.67 3.11 1.01 43.45 11.29
ESO 549-G049 22.78 70.00 5.00 2.73 2.00 10.00 58.24
IC 1816 10.13 64.1 10.83 8.85 1.71 100 90.00
IRAS 05218-1212 10.25 50.51 11.14 2.92 0.00 75.20 32.95
LEDA 088639 5.42 28.19 10.00 2.63 0.00 52.93 70.52
LEDA 089420 3.27 39.34 33.35 3.25 2.00 24.02 90.00
LEDA 178130 3.45 33.15 14.61 3.00 0.00 36.79 64.58
MCG -01-13-025 2.64 49.85 60.00 1.00 0.00 10.00 75.00
MCG -01-24-12 4.09 28.49 60.00 7.3 0.56 45.96 48.53
MCG -02-12-050 3.76 45.02 51.18 4.4 0.97 24.64 0.00
MCG -03-34-064 66.99 34.81 40.03 8.34 0.73 51.88 28.4
MCG +04-22-042 7.14 39.29 5.02 2.96 0.00 89.14 62.74
MCG -05-23-016 12.03 44.73 21.8 6.55 0.00 21.65 53.7
MRK 18 8.81 66.2 5.00 2.01 2.00 10.00 0.00
MRK 50 1.17 47.48 29.83 1.88 1.73 24.38 29.42
MRK 352 1.28 37.03 20.54 2.13 0.00 21.08 64.36
MRK 417 15.55 31.97 5.00 9.11 0.00 59.39 90.00
MRK 501 1.33 34.81 18.02 1.53 1.99 88.36 56.87
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Table 5.1: (continued)
Name  2/⌫   Y N q ⌧ i
MRK 915 9.24 32.08 21.26 3.87 0.00 64.40 47.27
NGC 4102 63.36 75.00 43.68 10.00 0.00 100 79.5
NGC 4388 12.69 21.92 30.66 9.43 0.00 39.12 63.27
NGC 4395 1.14 42.08 100 4.00 0.00 80.5 42.37
NGC 454 9.74 36.33 56.94 6.97 0.33 27.66 10.91
NGC 4686 2.50 24.84 5.06 3.4 0.00 87.87 85.26
NGC 4992 2.31 60.07 11.95 7.6 0.00 16.04 2.97
NGC 513 3.43 34.98 55.87 3.77 0.21 100 30.1
NGC 5252 9.75 20.14 60.00 1.83 0.00 15.85 90.00
NGC 526A 8.72 35.79 9.85 3.78 0.00 29.4 53.84
NGC 5728 14.18 27.49 35.7 8.5 0.00 36.25 55.94
NGC 612 14.19 15.28 5.00 6.53 2.00 18.71 84.06
NGC 7172 13.94 44.75 35.18 8.68 1.37 14.36 90.00
NGC 7582 82.89 46.75 60.00 7.86 0.00 100 11.62
NGC 7682 2.25 27.66 33.78 10.00 0.5 100 68.66
NGC 788 7.47 28.67 20.52 4.06 0.00 20.33 84.18
NGC 973 4.78 43.25 60.00 4.84 0.00 40.66 22.72
PGC 13946 3.48 17.55 5.00 1.36 2.00 29.94 75.65
SBS 1301+540 1.18 19.05 9.76 1.21 0.00 68.47 19.65
UGC 03601 6.18 33.97 10.49 2.27 0.00 42.67 79.71
UGC 04013 3.52 32.61 23.18 4.8 0.00 78.4 50.83
UGC 06728 2.02 47.28 15.77 1.85 0.00 39.93 51.87
UGC 11871 10.18 38.94 8.88 6.14 0.00 17.53 32.77
UGC 12282 6.18 33.1 22.56 2.65 0.00 60.87 36.46
UGC 12741 3.49 19.53 48.14 6.36 1.13 88.33 59.91
UM 614 3.86 46.45 16.03 2.05 1.17 51.55 40.07
100









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CHAPTER 5. SAMPLE ANALYSIS
2MASX J0558 2MASX J0904 2MASX J0911 2MASX J1959 ARK 120
ESO Danish SDSS SDSS 2MASS SDSS
ARK 347 CGCG 041-020 CGCG 118-036 CGCG 420-015 ESO 005-G004
SDSS SDSS SDSS WFPC 2 2MASS
ESO 121-IG028 ESO 140-G043 ESO 141-G055 ESO 157-G023 ESO 198-024
DSS DSS Schmidt DSS DSS 2MASS
ESO 297-G018 ESO 323-077 ESO 374-G044 ESO 417-G006 ESO 426-G002
2MASS WFPC2 DSS DSS DSS
ESO 506-G027 ESO 511-G030 ESO 548-G081 ESO 549-G049 IC 1816
2MASS DSS 2MASS DSS WFPC2
Table 5.3: Thumbnails of host galaxies taken from NED
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IRAS 05218 LEDA 088639 LEDA 089420 LEDA 178130 MCG -01-13-025
DSS WFPC2 2MASS 2MASS SDSS
MCG -01-24-12 MCG -02-12-050 MCG -03-34-064 MCG +04-22-042 MCG -05-23-016
DSS DSS DSS SDSS DSS
MRK 18 MRK 50 MRK 352 MRK 417 MRK 501
SDSS SDSS SDSS SDSS SDSS
MRK 0915 NGC 4102 NGC 4388 NGC 4395 NGC 454
WFPC2 SDSS SDSS SDSS 2MASS
NGC 4686 NGC 4992 NGC 513 NGC 5252 NGC 526A
SDSS SDSS SDSS SDSS DSS
Table 5.4: Thumbnails of host galaxies (continued)
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NGC 5728 NGC 612 NGC 7172 NGC 7582 NGC 7682
DSS DSS WFPC2 GALEX SDSS
NGC 788 NGC 973 PGC 13946 SBS 1301+540 UGC 03601
SDSS 2MASS DSS SDSS 2MASS
UGC 04013 UGC 06728 UGC 11871 UGC 12282 UGC 1274
WFPC2 2MASS SDSS 2MASS SDSS
UM 614
SDSS
Table 5.5: Thumbnails of host galaxies (continued)
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Figure 5.9: Complete models
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
131
CHAPTER 5. SAMPLE ANALYSIS
Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
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Figure 5.9: (continued)
138





6.1 Individual AGN and Best-fit Model
Properties
In this Chapter, detailed fitting results are presented for the sample, discussing
each object individually and then examining the properties of the sample as a whole.
Most of our AGN classifications are taken from NED and Tueller et al. (2008,
2010). Where multiple classes are given, or the origin of the classification is unknown,
we use cited references or available optical spectra to make our own classifications.
Frequently, we use the Veron-Cetty & Veron (2010) catalog to find literature with
classifications that we cite directly. Our optical classifications are based on SDSS (Ahn
et al., 2012) and 6DF Galaxy Survey (Jones et al., 2009, 2004, 6df) optical spectra.
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For the Sy 1 subclass assignments, we use the Winkler (1992) H /[O III] 5007 line
ratio criteria. To distinguish between Seyferts, HII galaxies, and LINERs, we use
the same line ratio diagnostics as Winter et al. (2010, hereafter W10). These include
the theoretical HII galaxy-AGN diagnostic of Kewley et al. (2001), the empirical
HII galaxy-composite galaxy diagnostic of (Kau↵mann et al., 2003), and the Seyfert-
LINER empirical division of Kewley et al. (2006). Our classification strategy is similar
to Tueller et al. (2008, 2010), but we believe several of their classifications are taken
directly from NED data tables without strong evidence. Our process updates these
classifications when we find compelling evidence that the type has been mislabeled.
We use optical images from NED to identify the morphology and orientation of
the AGN host galaxies. A representative image of each AGN and it’s host is shown
in Figure 5.5. For each AGN description, we also list the model components used in
addition to the torus with the following abbreviations: NLR, HG (host galaxy), BB
(blackbody), and S (silicate absorption).
2MASX J05580206-3820043 Model = NLR, BB, S
This Sy 1.2 (Winkler, 1992) has no NED assigned galaxy morphology, but appears
to be an oblique disk with strong bulge in poorly resolved optical images. Tueller
et al. (2010) classify as a Sy 1 but do not provide references or spectral evidence.
Soft X-ray (2   10 keV) observations show weak absorption with NH = 1.82+0.08 0.07 ⇥
1022cm 2 (Turner et al., 1996). The IR continuum is relatively featureless and smooth
with minimal non-AGN silicate absorption (⌧9.7µm = 0.31). The AGN emission is
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luminous, entirely outshining the host galaxy IR emission. We use the blackbody
and NLR models to account for short and long wavelength flux respectively, but both
components are relatively faint. The model deviations from the data (> 36µm and
near the 10µm absorption trough) are relatively small.
2MASX J09043699+5536025 Model = HG, NLR, S
The host galaxy of this Sy 1 has no NED morphology. The AGN is modeled in
the soft X-ray with almost no absorption (NH = 0.06
+0.02
 0.03 ⇥ 1022cm 2, Winter et al.,
2008). A strong bulge is visible in SDSS data, with asymmetric extended emission.
It appears adjacent (< 15 arcsec) to another galaxy with no known radial velocity
information but similar asymmetric emission indicative of a possible interaction. The
IR continuum is relatively flat with weak PAH features and almost no 10µm feature.
Our best fit model reproduces this curvature with slight 10µm torus emission (a result
of the low torus density, N0 = 1.37) countering the host-galaxy 10µm absorption
trough. Both of these features are subject to slight intervening silicate absorption
(⌧9.7µm = 0.65) near the average of our sample. The NLR component contributes
significant fraction of the IR flux above 18µm indicative of a large covering factor.
2MASX J09112999+4528060 Model = HG, BB, S
Another Sy 2 with no NED morphology, SDSS images depict an elongated disk
within a bright elliptic halo. The Sy 2 classification is supported by a large column
density (NH = 33.02
+11.01
 12.76 ⇥ 1022cm 2, Winter et al., 2008). The low resolution
Spitzer spectrum shows strong 10µm absorption in both the AGN and host galaxy
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emission. Our torus model inclination (i = 75.9 ) causes strong 10µm absorption
which is compounded by moderate (⌧9.7µm = 0.90) non-AGN absorption. Strong
PAH features are well fit by a bright host galaxy model (fhost = 41%). The relatively
simple model captures all the major features after the addition of a weak blackbody
component (2.4% of IR flux).
2MASX J19595975+6508547 Model = NLR, S
A BL Lac object is embedded in an elliptical galaxy in a relatively crowded
field. As we would expect for a BL Lac object, X-ray absorption is minimal
(NH = 0.07
+0.04
 0.04 ⇥ 1022cm 2 Winter et al., 2009). The low-resolution spectrum is
incredibly flat with only one emission line and no visible silicate absorption or emis-
sion. The lack of spectral features causes us to believe our model is one of many
capable of reproducing the power-law spectrum. Although we can reproduce the
data with a simple model, our torus inclination (i = 40.1 ) implies we be doing so
inaccurately.
ARK 120 Model = BB, S
A face-on spiral galaxy with faint well spaced arms (Sb) hosts this unabsorbed
(Winter et al., 2009) Sy 1 object. The spectrum contains several gentle humps well
fitted by the torus model. These humps are cause by torus silicate emission at 10
and 18µm because of the low density and inclination (N0 = 2.77, i = 11.6 ) of our
model. The short wavelength section of the model is poorly fit without the addition
of the blackbody (20% of IR flux). Above 34µm the model dips away from the data
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indicating some low-temperature dust, likely in the host galaxy, is not modeled.
ARK 347 (NGC 4074) Model = NLR, BB, S
Although NED assigns the host galaxy of this Sy 2 an S0/peculiar morphology,
SDSS images show an oblique disk with clear spiral arms (Sb). Winter et al. (2008)
note strong soft X-ray absorption (NH = 30.0
+8.8
 8.9 ⇥ 1022cm 2). The low-resolution
IR spectrum reveals an incredibly flat continuum with a handful of emission lines.
Subtle curvature at long wavelengths is well matched by our thick (  = 70.3), low
density (N0 = 1.98), and intermediate inclination (i = 35.1 ) torus model. Significant
blackbody flux (13.4% of IR flux) is required to supplement the torus continuum. The
model fit is improved with the inclusion of an NLR component subject to bright AGN
flux (log(U) =  0.12).
CGCG 041-020 Model = HG, S
This Sy 2 is classified by W10 but the galaxy morphology is omitted in NED. SDSS
imagery reveals an oblique disk structure (Sa?) with a strong equatorial dust lane.
The galaxy nucleus is only partially obscured due to the inclination. The modeled X-
ray absorption of this AGN is moderate (NH = 10.8
+0.7
 0.8⇥1022cm 2) for a Sy 2 (Winter
et al., 2008). The IR spectrum reveals strong host galaxy emission (27% of total IR
emission) with prominent PAH features (qPAH = 4.38%). Our silicate absorption
model shows absorption below the average for our sample (⌧9.7µm = 0.52) indicating
the dust lane is likely not in the line-of-sight of the AGN. The AGN contribution
is limited to the torus mode with strong silicate absorption, a ramification of the
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high-inclination (i = 66.2 ).
CGCG 118-036 Model = HG, NLR, S
This Sy 2 is located within an SDSS observed inclined spiral galaxy (Sa). No
previous morphology has been assigned in NED. Featuring strong host galaxy PAH
features (qPAH = 4.38%), the bright host galaxy model (40.3% of IR flux) is entirely
modeled by di↵use gas (  = 0). Our torus model is thick (  = 52.3 ), perhaps to
accommodate the low inclination (i = 29.0 ) of this obscured AGN.
CGCG 420-015 Model = NLR, S
HST imagery shows this Sy 2 is hosted by a nearly face on spiral galaxy (Sa) with
faint tightly wound arms (Malkan et al., 1998). Its low-resolution spectrum is flat
below 20µm, then curves downward above. Above 34µm the model overcompensates
this curvature. The torus model captures this almost entirely with only a faint NLR
model contribution. The NLR ionization parameter (log(U) = 0.24) is larger than
90% of our NLR models indicating small NLR radius.
ESO 005-G004 Model = HG, S
NED describes the nearby (z = 0.006228) host galaxy of this Sy 2 as an edge-on
spiral (Sb) with strong dust lanes. The activity classification is based on the weak
absorption in the soft X-ray (NH = 5.58
+0.16
 0.16⇥1022cm 2 Winter et al., 2009). In order
to fit both high- and low-resolution data, our models must di↵er above 20µm because
the low-resolution, long-wavelength slit is oriented (randomly) down the length of the
galaxy (Figure 6.1). The orientation results in a slightly di↵erent slope for the low-
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resolution data because the extended slit incorporates significantly more host galaxy
flux. The model fit is accomplished by allowing the host galaxy parameters to di↵er
between modules. Host galaxy flux represents nearly half (47%) of the overall IR
emission so it’s accurate description is key for this AGN. The model fits the data well
in the overlap region between the high- and low-resolution data, but deviates strongly
in the low-resolution, low-wavelength region. This could be because the large number
of data points in the high-resolution region dominates the attempt to minimize  2/⌫
leaving the low-resolution data poorly fit. We do not attempt to weight the data
artificially to correct this problem in order to keep our model fitting standardized.
The torus model exhibits strong 10 and 18µm absorption, but the low inclination
of the model (i = 0 ) leads us to believe the strong silicate absorption component
(⌧9.7µm = 1.26) is inappropriately fitting AGN absorption. The complex host galaxy
contribution may be diminishing our ability to fit the AGN continuum accurately.
ESO 121-IG028 Model = S
This galaxy is classified by NED as a barred disk with possible spiral arms (SB0/a).
It hosts a Sy 2 in its nucleus but the soft X-ray absorption is moderate (NH =
16.19+12.60 9.40 ⇥ 1022cm 2, Winter et al., 2009). The low-resolution spectrum is best fit
with an absorbed (⌧9.7µm = 0.79) torus model and a few emission lines. The torus
model has a thin (  = 15.6 ) highly inclined (i = 66.6 ) torus with very opaque
individual clouds (⌧v = 74).
ESO 140-G043 (Fairall 51) Model = HG, NLR, BB, S
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Figure 6.1: We project the location of the IRS slits for each module over an SDSS
image of ESO 005-G004. By random chance, the long-wavelength, low-resolution slit
is projected across the extended host galaxy. One summed slit region is given for
each module for clarity.
Both NED and Bennert et al. (2006) describe the activity in this barred spiral
(SBb) as Sy 1. The IR spectrum of this AGN is dominated by the clumpy torus
model emission. This accounts for the relative flatness of the data. The torus model
has a large radius (Y = 46.9) and a thick disk (  = 53.9 ). Some emission lines and
PAH features are visible and well modeled despite the small host galaxy model flux
contribution (4.8% of IR flux). Both NLR and blackbody components aid in fitting
the flat spectrum. We note minimal non-AGN silicate absorption (⌧9.7µm = 0.25).
Above ⇠ 35µm the data deviates from the model implying we are failing to fit some
portion of cool galaxy dust.
ESO 141-G055 Model = NLR, S
NED and Tueller et al. (2010) label this object as a Sy 1 without listing classifi-
cation techniques or references. We use the Sy 1.2 optical spectrum classification of
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Winkler (1992). The host galaxy is a spiral (Sc?) with a large nucleus. Our torus
model is radially extended (Y = 46.9) and thick (  = 53.9 ) with a low inclination
angle (i = 13.25 ). Despite the low flux errors, the data are relatively well fit with
a moderately absorbed (⌧9.7µm = 0.62) torus and NLR model. Below 10µm, some
small deviations are observed but they never exceed 15% of the model flux.
ESO 157-G023 Model = BB
A Sy 2 is at the core of this barred spiral galaxy (SBbc). Several bright sources
are either projected or a part of the spiral arms of this galaxy. We model the low-
resolution IR spectrum with just torus and blackbody components. The torus model
has the most opaque clouds of our sample (⌧v = 94.4) and is viewed at a highly
inclined angle (i = 79.9 ). Only three weak emission lines are visible. The only
poorly modeled feature of the spectrum is a hump at ⇠ 17µm.
ESO 198-024 Model = S
An elliptical galaxy hosts this Sy 1. Porquet et al. (2004) report no intrinsic
2  10 keV absorption. The IR emission is well modeled with only a torus component
and a few emission lines. Our torus model is thin (  = 29.3), has a small outer radius
(Y = 15.5), and intermediate inclination angle (i = 53.8 ). The spectrum is relatively
flat with two small characteristic humps similar to those in ESO 141-G043 and ARK
120. A small amount of silicate absorption is observed (⌧9.7µm = 0.24).
ESO 297-G018 Model = HG, S
Tueller et al. (2008) label the AGN at the center of this edge-on spiral (Sa) as a
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Sy 2. The IR spectral emission is dominated by the torus component with a small
host galaxy contribution (17.8% of IR flux) to fit the PAH features (qPAH = 3.89). A
thin disk (  = 26.0 ) is matched with a high inclination (i = 56.5 ) observation angle
to model this significantly soft X-ray obscured AGN (NH = 41.71
+4.70
 2.90 ⇥ 1022cm 2,
Winter et al., 2008). Despite a poor fit to the 11.3µm PAH feature, the data are
accurately reproduced with the model.
ESO 323-077 Model = HG, NLR, BB, S
This Sy 1.2 is hosted by a barred disk galaxy (SB00) with several foreground stars
and distant galaxies within 1 arcminute. The IR spectrum is modeled using all the
models considered but we fail to reproduce the exact PAH feature flux. We suspect
that our host galaxy model is not normalizing correctly because it is overestimating
the amount of low temperature gas. Our model supports the intermediate classifi-
cation as the line-of-sight is very near the edge of the torus (i = 37.8 ,   = 42.0 ).
This results in an accurate fit throughout the continuum, but we cannot perfectly
reproduce the prominent PAH features.
ESO 374-G044 Model = NLR, S
The inclined barred spiral (SBab) contains a Sy 2 according to Tueller et al.
(2010) which we confirm with examination of the 3df optical spectra. The steep IR
low-resolution spectrum for this AGN is modeled with a torus and NLR. Despite
the slight deviations from the data at either end of the spectrum, our best-fit model
matches the data well with a moderately thick torus (  = 44.8 ) which we view
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edge-on (i = 72 ). The model is very slightly absorbed (⌧9.7µm = 0.19).
ESO 417-G006 Model = BB, S
A Sy 2 occupies the nucleus of this disk galaxy (SA0/a). The relatively simple
IR spectrum is well fitted by a flat torus model with a low-resolution blackbody
component. Many prominent emission lines are also modeled. The model torus is
radially extended to the hard limit (Y = 60) and viewed from a high angle (i =
80.0 ). The spectrum is very well fit showing only slight deviations at the the lowest
wavelengths.
ESO 426-G002 Model = S
This barred spiral galaxy with a large outer ring ((R’)SB0/a) contains a Sy 2
(Parisi et al., 2012; Tueller et al., 2010). The best-fit model is incredibly smooth with
only a few emission lines deviating from the torus component. The data are very
well fit everywhere but at long wavelength edge of the LL1 module where Spitzer IRS
begins to fail.
ESO 506-G027 Model = HG, S
This large nucleus, edge on disk galaxy (S0+) contains a Sy 2. The low-resolution
spectrum is very well fit despite the incredibly small errors of the data. The continuum
is relatively smooth with very strong silicate absorption (⌧9.7µm = 1.45) as we expect
given the host galaxy orientation. The soft X-ray flux is also very strongly absorbed
(NH = 76.82
+7.37
 6.79 ⇥ 1022cm 2, Winter et al., 2008). A host galaxy model is added to
the torus model in order to fit the cool long wavelength regime. The resulting host
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galaxy model is pure di↵use gas (  = 0) and represents only 6% of the model flux.
No PAH features are visible.
ESO 511-G030 Model = BB, S
The host of this Sy 1 is a nearly face-on spiral galaxy with strong spiral arms
(SAc) extending several arcminutes. We model this low-resolution IR spectrum with
a torus component supplemented with a bright short wavelength blackbody which
contributes 32% of the IR flux. The data are smooth with a familiar two hump shape
(e.g., ARK 120) that our model fails to perfectly reproduce. Our torus model is
significantly inclined (i = 67 ) but with a very low density (N0 = 1.43).
ESO 548-G081 Model = NLR, BB, S
The host galaxy of this Sy 1 is a tightly wound barred spiral (SBa) with a bright
nearby (< 1 arcmin from center) foreground star. It exhibits no soft X-ray absorption
(Winter et al., 2009). The flat low-resolution spectrum has two small humps and
two clear emission lines. The best fit model consists of torus, NLR, and blackbody
components. Most of the data are very well modeled with the exception of the long
wavelength (> 33µm) regime. The torus model is quite thin (  = 30.4 ) and viewed
nearly face-on (i = 11.29 ).
ESO 549-G049 Model = HG, NLR, S
This object has been classified both as a Sy 1(Véron-Cetty & Véron, 2006) and
Sy2/Liner Tueller et al. (2008). We use the cited Sy 1 result. The host galaxy
morphology appears to be spiral with a very bright and large nucleus (Sb). The IR
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spectral model suggests that the host galaxy dominates the IR emission (62% of total
flux). The NLR model emission is prominent and results in a covering factor of 28%,
the highest of our sample. The PAH features are well fit, yet several artifacts remain
in the model/data ratio plot. These contribute to the poor fit statistics along with
the small errors of the data.
IC 1816 Model = HG, NLR, BB, S
The cited NED classifications call this galaxy a Seyfert 2 (de Grijp et al., 1992;
Winkler, 1992) which we use. The host galaxy is a nearly face-on, disturbed/peculiar
spiral (Malkan et al., 1998, SBa/b). The IR spectra is relatively flat with obvious
PAH features, many emission lines, and slight 10µm absorption. Our four-component
model fits wonderfully excepting a small deviation below the data at short wavelengths
(< 7µm). High and low resolution models are slightly mismatched near 18µm, but
we consider the di↵erence too small to necessitate a separate model.
IRAS 05218-1212 Model = NLR, BB, S
Osterbrock & De Robertis (1985) classify this AGN as a Sy 1.5, which we use,
in contrast to the uncited NED and Tueller et al. (2010) identification (Sy 1). The
morphology of the host galaxy is unclear, it could be either elliptical or a disk galaxy
(S0). Our best fit model is dominated by torus emission with contributions from both
NLR and blackbody components. The model fits the smooth, gently curving data
well; it only deviates strongly at the longest wavelengths (> 35µm).
LEDA 088639 (2MASX J11454045-1827149) Model = NLR, BB
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Winkler (1992) classify this object as a Sy 1.5 which we confirm with measurements
from 6df optical spectra. Malkan et al. (1998) use HST WFPC 2 images to describe
the host galaxy as quasar-like and irregular with filaments and wisps. Winter et al.
(2008) note no soft X-ray absorption. The Spitzer spectrum is gently curved with a
few weak emission lines. The best-fit model consists of torus, NLR, and blackbody
components with no 10µm absorption. Our model deviates slightly (< 10%) near a
small 18µm undulation.
LEDA 089420 (LCRS B232242.2-384320) Model = HG
A Sy 1 is embedded in this S0 galaxy that emits half (49%) of the emission of our
low resolution IR spectrum model. Our model consists of only host galaxy and torus
components and matches the data well over the entire spectrum.
LEDA 178130 (2MASX J05054575-02351139) Model = BB, S
The morphology of this Sy 2 is unknown as it has not yet been imaged at high
resolution. The low-resolution IRS spectrum is a smooth curve with slight 10 µm
absorption. A torus and blackbody with a few weak emission lines fit the data con-
vincingly. The fact that the torus dominates the IR emission is consistent with the
Seyfert 2 classification and absorption. In the X-ray, this galaxy shows absorption in
the amount of NH = 6.57
+3.03
 2.39 ⇥ 1022cm 2(Winter et al., 2009).
MCG -01-13-025 Model = BB, S
A Sy 1.2 is contained within a slightly inclined disk galaxy with a hint of a bar
(SAB0+). The soft X-ray emission is unabsorbed (Winter et al., 2009). The torus and
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blackbody model describes well the double humped, relatively smooth IR spectrum. A
strong emission line ([S iv] 10µm) is inadvertently subtracted from the low-resolution
data in one of the observations. This is accounted for in the fit, with both modeling
and large error bars (because it is only present in one of the observations). The
high-resolution long wavelength module is especially noisy in this spectrum.
MCG -01-24-12 Model = HG, NLR, S
The Sy 2 within this partially barred, oblique spiral (SABc) shows strong [O iii]
5007 Å emission with two distinct nuclear emission regions (Schmitt et al., 2003).
Winter et al. (2009) find significant X-ray absorption (NH = 11.45
+2.82
 2.27 ⇥ 1022cm 2).
Our IR model reflects this strong NLR emission but is still dominated by torus flux.
We also incorporate a small (6% of total flux) host galaxy component. The model
fits the data well at long wavelengths but drifts away below 7.5µm.
MCG -02-12-050 Model = NLR, S
Optical spectra taken with 6dF reveal the activity of this nearly face-on spiral
galaxy (SBab) can be classified as Sy 1.2. Moran et al. (1996) label MCG -02-12-050
a Sy 1, but do not distinguish between type 1 and type 1.2. The Spitzer low-resolution
spectrum is nearly flat and is well modeled with torus and NLR components. Slight
deviation from the data occurs above 35µm.
MCG -03-34-064 Model = HG, NLR, S
Following 6df spectral analysis, we classify this S0/a galaxy as a Sy 1.8 echoing the





 4.30 ⇥ 1022cm 2, Winter et al., 2009). The error bars on the IRS data
are very small for this observation (average error is 1.1% of flux), but our three-
component model reasonably fits the nearly flat IR spectrum. The datas average
deviation from the model is under 5% of the flux, with 95% of the data points within
12% of the model flux. Our model does not perfectly match subtle curves in the data,
especially in the low-resolution low-wavelength regime.
MCG +04-22-042 (CGCG 121-075) Model = NLR, BB
We use SDSS images to classify the morphology of this oblique barred spiral (SBa).
The IR spectrum of this Sy 1.2 is best fit with torus, NLR, and blackbody components.
The AGN shows no X-ray absorption (Winter et al., 2008). We see slight curvature
di↵erences between the high and low resolution data sets around 12µm, but a single
model fits both reasonably well.
MCG -05-23-016 (ESO 434-G040) Model = NLR, BB, S
Although this galaxy is classified as a Sy 2, its IR spectrum reveals a broad Pa 
1.28µm line indicative that the torus IR optical depth is small (Goodrich et al.,
1994). X-ray absorption is similarly small (NH = 1.60
+0.01
 0.01⇥1022cm 2, Turner et al.,
1997). Optical images show an inclined disk galaxy (S0) with a bright, unresolved
object adjacent (< 15 arcseconds away). The IR spectrum is smooth with slight
silicate absorption. Dominated by the torus model, the blackbody and NLR flux




MRK 18 (UGC 04730) Model = HG, NLR, BB, S
NED and Tueller et al. (2008) have no classification for this AGN. W10 analyze
both an SDSS spectrum and their own 2.1m Kitt Peak National Observatory (KPNO)
optical spectrum. Emission line diagnostic plots combined with both theoretical and
empirical boundaries come to no consensus regarding its classification. The SDSS
emission line ratios imply H ii-like emission whereas KPNO emission lines point to
H ii, LINER, and composite (H ii and AGN) emission. Additionally, W10 note a broad
component to H↵ of approximately 370 km s 1. Parisi et al. (2009) use independent
optical spectra to classify MRK 18 as a Sy 2. The X-ray absorption is also significant
(NH = 18.25
+3.64
 2.71 ⇥ 1022cm 2, Winter et al., 2008).
In light of the confusing optical spectra, our activity classification remains un-
known. The host is either an inclined disk or very elliptical galaxy (S0 or E) based on
SDDS imagery. The IR spectrum is host galaxy dominated (69% of model flux) with
strong PAH features. The torus and NLR flux are di cult to constrain because of the
luminous host galaxy. Our model components are relatively insensitive to changes in
several parameters (e.g., inclination) resulting in several parameters best fit at the
hard limits (e.g., i, q, ⌧v, Y ).
MRK 50 Model = S
This object is classified as both a Sy 1 (Khachikian & Weedman, 1974) and a Sy
1.2 (Sargent, 1970). We use the Winkler (1992) H /[O III] 5007 line ratio criteria
with SDSS measured emission lines to determine the type is a Sy 1, agreeing with
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the Tueller et al. (2010) assessment. The host galaxy is an inclined S0 galaxy visible
in SDSS images. A torus model with a single emission line fits the flat low-resolution
IR spectrum very well.
MRK 352 Model = BB
This Sy 1 has a nearly face-on, disk (SA0) host galaxy. The IR spectrum is
relatively noisy with large errors in the high-resolution (especially LH) module data.
The flat spectrum has two humps, and is fit very well by a combination torus and
blackbody model.
MRK 417 Model = NLR, BB, S
This elliptical galaxy has Sy 2 emission lines. Our best-fit model for the low-
resolution IR model consists of torus, NLR, and blackbody components. We fail to
fit some subtle aspects of its curvature, especially near 18µm.
MRK 501 Model = NLR, BB, S
The BL Lac object is within a galaxy morphologically classified as an elliptical.
The galaxy features a radio core jet with components that have apparent motion of
0.2± 0.1⇥ c (Kellerman et al. 2004). The IR spectrum is almost completely flat, so
much so that a power law fits the data with  2/⌫ = 1.88. We instead fit the data
with torus, NLR, and blackbody components with meaningful fit parameters and get
an even better fit quality.
MRK 915 Model = NLR, S
This galaxy has been classified as a Sy 1 (Tueller et al., 2010, NED), a Sy 1.5
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(Bennert et al., 2006), and a Sy 1.8 (Dahari & De Robertis, 1988). We use the Sy 1.5
classification; it is the most recent referenced optical spectrum. Malkan et al. (1998)
use HST to describe the morphology as disturbed spiral galaxy (Sa) with filaments
and a prominent dust lane partially covering the nucleus. We fit the flat low-resolution
IR spectrum easily with a torus and NLR model. The long-wavelength (> 35µm)
end of the spectrum has the most poorly fit data.
NGC 4102 Model = HG, NLR, BB
This galaxy is a well-studied LINER with a slightly inclined spiral morphology
(Sb). The single spiral arm is thick and lined with dust on the inside edge. We find
that our IR model is dominated by the host galaxy component below 20µm (66% of
model flux). The torus component of the model shows very strong silicate absorption
and dominates the long-wavelength spectrum. NLR and blackbody components help
to match the data shape, but have a small overall flux contribution. The large fit
statistic is more a reflection of the 1.1% flux error than the average 4.6% deviation
of the model from the data.
NGC 4388 Model = HG, NLR, BB, S
This is an edge-on spiral galaxy (SAb) with massive dust lanes obscuring the
galaxy bulge. NED lists multiple AGN activity classifications, so we use the most
recent optical observation (W10) that labels this a Sy 2. The mildly absorbed IR
spectrum fits the data well using torus, NLR, blackbody, and host galaxy components.
NGC 4395 Model = HG, NLR, BB
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The modeling of this underluminous Sy 1 within a bulgeless dwarf host is described
in great detail in Chapter 4. The fit requires all our model components, along with a
varying torus and host galaxy contribution between high- and low-resolution modules.
The model describes the data well across the spectrum (Section 4.8).
NGC 454 Model = HG, S
This strongly interacting galaxy pair consists of a red elliptical galaxy (NGC
454) and a starbursting, knotty, irregular galaxy (NGC 454 NED01/ESO 141-IG036).
There is no NED activity classification for these objects. Although initially presumed
inactive because of a lack of high excitation lines, the Johansson (1988) optical spec-
trum shows large [O iii]  5007/H↵ and [O iii]  5007/H  ratios (> 1 and 3 respec-
tively) and large line widths (> 300 km s 1) indicating NGC 454 is likely a Sy2. The
torus component of the IR spectrum model dominates the host galaxy component
(5% of the model flux). The mildly silicate absorbed spectrum is well fitted by the
model.
NGC 4686 Model = HG, NLR, BB
Tueller et al. (2010) use KPNO spectra to show this is an X-ray bright, optically
normal galaxy (XBONG). The oblique spiral (Sa) host galaxy contributes weak PAH
features to our IR spectrum model. The flat spectrum is fit primarily with our torus
model with contributions at either end by NLR and blackbody components. The
total model approximates the data well.
NGC 4992 Model = NLR, S
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The XBONG/Sy 2 label given this spiral galaxy (Sa) by NED and echoed by
Tueller et al. (2010). To Masetti et al. (2006), optical spectra appear entirely galactic
in nature. In contrast, W10 classify the object as a LINER using SDSS emission line
diagnostics. We use the W10 result. The low-resolution IR spectrum contains no
prominent emission lines and is well-modeled using only torus and NLR components.
NGC 513 Model = HG
A spiral galaxy (Sb/c) assigned Sy2 classification in Tueller et al. (2010), this
AGN features broad polarized Balmer lines (Tran, 2001) thought to be indicative
of a hidden broad line region. We stick with convention maintaining this is a Sy 2
galaxy. The IR spectrum is limited to only high-resolution data limiting the spectral
coverage at the low-wavelength end. Our data is best-fit with a torus and host galaxy
component featuring several strong emission lines.
NGC 5252 Model = BB, S
This edge-on S0 galaxy was originally labeled as a Sy 1.9 (Osterbrock & Martel,
1993). Goncalves et al. (1998) detect a broad H↵ component with higher resolu-
tion spectroscopy several years later, and identify nuclear LINER emission and Sy 2
emission in two neighboring knots (< 0.37” away). We assign the object a Sy 2 for
analysis. The low-resolution data is adequately fit with a torus and blackbody model.
The data itself is relatively smooth with two weak humps.
NGC 526A Model = NLR, S
This merging galaxy (S0/E) has an irregular band of dust extending out from the
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nucleus (Malkan et al., 1998). Winkler (1992) and Bennert et al. (2006) label it a
Sy 1.9 which we use. Our own 6df analysis confirms the Sy 1.9 designation. The
IR spectrum appears to be a broken power-law (split at 19µm) that our torus and
NLR model fits reasonably well. Some slope mismatch occurs below 10µm in the
low-resolution only regime.
NGC 5728 Model = HG, S
Pecontal et al. (1990) note a broad line region in a spectrum that isolates the
central region emission. We verify this using 6df data and call this object a Sy 1.9.
The host galaxy is a barred spiral with low surface brightness outer arms (SAB(r)a).
We combine a strong host galaxy component with a torus in order to model this IR
spectrum. The fit is quite good everywhere but around the PAH feature at 6.4µm.
NGC 612 Model = HG, S
With a confusing morphology, this galaxy has been labeled as an S0/a, a dusty
elliptical, and in the radio, a hybrid of FR I and FR II. Tueller et al. (2008) classify
it as a radio galaxy. Using line ratios from Lewis et al. (2003) and employing all the
line diagnostics used by W10 we conclude the emission is definitively a Sy 2. X-ray
absorption supports this with NH = 129.7
+12.9
 8.3 ⇥ 1022cm 2, the most X-ray absorbed
object in our sample (Winter et al., 2008). The host galaxy component of our low-
resolution IR model dominates with 80% of the total model flux. Interesting, the
silicate absorption optical depth (⌧9.7µm = 0.78) is near the average for our sample,
meaning all absorption is attributed to the dense (N0 = 6.53) nearly edge-on (i =
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84.1 ) torus model. The resulting small contribution of the torus model does not
allow for strong parameter constraints. The overall model fits the data decently, but
there are a few instances where the PAH features were not exactly matched.
NGC 7172 Model = HG, BB, S
The dust lane adjacent to the nucleus of this Sy 2 has led it to be classified
morphologically as an edge-on spiral galaxy (Sa). The IR spectrum shows the most
10µm silicate absorption of our sample (⌧9.7µm = 2.14). Despite this, the soft X-ray
absorption is moderate (Turner et al., 1997, NH = 8.19
+3.42
 3.30 ⇥ 1022cm 2). Although
all the PAH features of the host galaxy are not perfectly modeled, the model fits
the data very well. There are substantial contributions to model flux from the host
galaxy, torus, and blackbody model components.
NGC 7582 Model = HG, S
NGC 7582 has a well-studied morphology; the edge-on spiral galaxy (SBab) has
an optically obscured nucleus and a large dust lane crossing the nuclear region. The
X-ray spectrum is absorbed (Turner et al., 1997, NH = 8.19
+3.42
 3.30 ⇥ 1022cm 2). The
galaxy hosts a Sy 2 with broad Paschen lines in the IR (Reunanen et al., 2003). The
best-fit IR model for this AGN combines a host galaxy (73% of total flux) and a torus
component with notable silicate absorption (⌧9.7µm = 0.84). The poor statistical fit
can be blamed on the 2.0% average error; the mean model displacement (< 8%) is
good.
NGC 7682 Model = HG, NLR, S
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This face-on SBab galaxy is a member of a pair, confirmed with radial velocity
measurements. It hosts a Sy 2 with a hidden polarized broad line region (Tran,
2001). Our IR spectrum model consists of torus, NLR, and host galaxy components
each contributing similar flux. The model fits well above 8µm, but fails at shorter
wavelengths.
NGC 788 Model = S
A tightly wound nearly face-on spiral with an intense bulge (SA0), NGC 788 hosts
a Sy 2 with broad polarized Balmer lines indicative of a hidden BLR (Kay & Moran,
1998). Substantial X-ray absorption (NH = 46.82
+4.68
 4.47 ⇥ 1022cm 2) was observed by
Winter et al. (2009). The IR spectrum is decently modeled using just torus and
blackbody components. Below 7µm and above 33µm, the model does not produce
enough flux to match the data.
NGC 973 Model = HG, BB, S
NGC 973 is an edge on Sb galaxy. Its activity was discovered by Swift and Integral
and is classified as a Sy 2 by Burenin et al. (2008). Our model included torus, host
galaxy, and blackbody components. The torus model is extended to the hard limits
with a sharp radial cuto↵ (Y = 60, q = 0.0). The entire model is best fitted with
strong silicate absorption (⌧9.7µm = 1.39) demonstrating the impact of host inclination
on our models. Excepting a small feature at 7µm, our model fits the continuum very
well.
PGC 13946 (2MASX J03502477-5018354) Model = HG, NLR, S
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The smaller of two likely interacting galaxies, Parisi et al. (2009) identify the AGN
as a Sy 2 using optical spectroscopy. This is supported by 2 10 keV absorption (Win-
ter et al., 2009, NH = 14.40
+7.40
 5.90 ⇥ 1022cm 2). It lacks high resolution observations,
so we cannot identify it’s morphology. Using DSS imagery, we note a large elongated
neighboring galaxy with asymmetric features possibly indicative of interaction with
PGC 13946. The low-resolution IR spectrum shows prominent host galaxy features
that our model reproduces well. Both torus and NLR components contribute sig-
nificantly to the model as well, especially above 20µm and below 6µm. The entire
model is subjected to strong IR silicate absorption (⌧9.7µm = 1.12).
SBS 1301+540 Model = BB, S
W10 identify this galaxy as a Sy 1 based on broad emission lines, but note these
line profiles are complex and “boxy”. In SDSS images, it appears to be an edge on disk
(S0+) adjacent to a foreground star. Winter et al. (2008) note no X-ray absorption.
Our findings are similar with only slight IR absorption (⌧9.7µm = 0.47). The flat low-
resolution IR spectrum is very well fit by a face-on, thin torus (  = 19.1 , i = 19.7 )
and a blackbody model.
UGC 03601 Model = HG, NLR
A Sy 1.5 is embedded in a symmetric but poorly resolved galaxy of unknown
morphology. The IR spectrum continuum is well fit, but the line strength appears to
vary between high- and low-resolution data sets. Our error bars completely account
for the mismatch, and our models the small error bar, low-resolution data well. We
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utilize a dominant torus component along with host galaxy and NLR contributions
in order to fit our data.
UGC 04013 (MRK 10) Model = HG, NLR, BB, S
This AGN is classified as a Sy1 galaxy (Contini et al., 1998; Khachikian & Weed-
man, 1974; Osterbrock, 1977). The host galaxy is a slightly inclined Sb galaxy. In
order to reproduce the incredibly flat low-resolution IR spectrum, we use torus, NLR,
host galaxy, and blackbody components in our model. We also incorporate weak sili-
cate absorption (⌧9.7µm = 0.45). The data is well fit statistically despite rather small
flux errors on the data.
UGC 06728 Model = BB, S
This inclined SB0/a galaxy contains a Sy 1.2. It is immediately adjacent (⇠ 15
arcsec) to a bright point source that is missed by our slits. (Winter et al., 2008)
observe no X-ray absorption. We similarly model our data with very weak silicate
absorption (⌧9.7µm = 0.24). The high-resolution modules of the spectrum are quite
noisy, especially at the long-wavelength end. The torus and blackbody model we use
fits the data with minimal continuum deviation.
UGC 11871 Model = HG, NLR, S
W10 cite KPNO spectra used to classify this AGN as a Sy 1.9. The X-ray
spectrum is slightly absorbed supporting this classification (Winter et al., 2009,
NH = 2.39
+0.71
 0.56⇥1022cm 2). The galaxy is asymmetric with a strong southern di↵use
feature overlapping the adjacent point source leading earlier researchers to consider
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Figure 6.2: We project the location of the IRS slits for each module over an DSS
image of UGC 12282. Both high-resolution slits are completely filled by the host
galaxy flux. One summed slit region is given for each module for clarity.
it a galaxy pair. Strong PAH features of the low-resolution IR spectrum are well
modeled by our host galaxy model. The other 50% of our model flux comes from
torus and NLR components leading to an IR model that fits the entire continuum
well. The average flux error is 1.8% while the average model displacement is 3.8%.
UGC 12282 Model = HG, S
This is a nearly edge-on Sa galaxy containing a Sy 1.9 at its core. The high- and
low-resolution IR spectra for this object di↵er substantially in continuum flux. We
model the data with two di↵erent host galaxy normalizations as the only di↵erence
in observations was slit size. Visual inspection of the slit location confirms that
the host galaxy is extended well beyond the slit widths (Figure 6.2). We expect
the slightly di↵erent slit size and orientations to encapsulate di↵erent amounts of
extended host emission. With this caveat, our model includes only torus and host




UGC 12741 Model = HG, NLR, S
One of the newly discovered AGN, Tueller et al. (2010) classified UGC 12741
optically as a Sy 2 using KPNO spectra. Its host galaxy is an inclined spiral (Sa).
We model the spectrum with torus, NLR, and host galaxy models. The host and
torus models have nearly equal flux contributions while the NLR is relatively faint.
The model deviates from the data below 6µm.
UM 614 Model = NLR, S
This AGN is classified as a Sy 1.8 (Terlevich et al., 1991). The host galaxy is
resolved to have slightly inclined S0 morphology. We fit the relatively simple IR
spectrum with a torus and NLR model. The data is well represented by the model
throughout the spectrum.
6.2 Testing the Applicability of the Dusty
Torus Model
In this section, spectral fitting results are presented within the context of the
models being tested. To remind the reader, these models are the dusty obscuring
torus region (Section 3.3.3), the NLR continuum model (Section 3.3.4), and the host
galaxy emission model (Section 3.3.2). The torus parameterized by its thickness
expressed as a Gaussian width about the polar angle ( ), the torus radius, given as a
multiple of the inner radius (Y ), the number of clouds along an equatorial ray (N0),
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the power law slope of the radial density (q), the optical depth of each cloud (⌧v),
and the inclination of the observer relative to the torus normal (i). The NLR model
is parameterized by the ionization parameter (U) and the normalization. The host
galaxy is parameterized by the fraction of light emitted by circumstellar dust ( ),
the starlight intensity for the di↵use dust (Umin), and the fraction of IR flux emitted
by the host galaxy (fhost). We supplement these models with a high temperature
blackbody component used by others in the field (e.g., S08, M09) which our data
cannot explain. All the emission is subject to intervening silicate emission from non-
AGN dust parameterized by optical depth (⌧9.7µm).
The ensemble nature of the dust clouds of our torus model allows for a more
complex relationship between accretion disk inclination and AGN type than a con-
stant density torus. The likelihood of a viewer observing the accretion disk from a
direction that is not blocked by torus clouds depends on the interplay between torus
inclination (i), cloud density (N0), cloud optical depth (⌧v), and torus disk thickness
( ). The distribution of individual Pesc values (Section 3.3.3) is plotted against torus
inclination for the sample in Figure 6.3. A trend of decreasing Pesc with increasing
inclination is obvious. We note a group of Sy 2s with high inclination and low escape
probabilities as we would expect. The probabilistic nature of Pesc implies a small
fraction of obscured AGN will have high escape probabilities (i.e., if our models are
accurate, we predict 10% of the models with Pesc = 10% will be unobscured).
Figure 6.4 shows a histogram of the fraction of AGN within a probability bin that
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Figure 6.3: Escape probability for visible photons for each AGN plotted against model
inclination. The orange line indicates the linear best-fit to the data.
Figure 6.4: The fraction of obscured and unobscured (see text) AGN within the




are classed as either obscured or unobscured . Adopting the standard unified model,
we assume LINER, Sy 1.9, and Sy 2 galaxies are obscured AGN and Sy 1, 1.2, 1.5,
1.8, and BL Lac objects are unobscured AGN. We predict accurate torus models will
create a distribution of Pesc values for obscured and unobserved AGN that match
the dotted lines. Our model escape probabilities reflect adherence to the expected
behavior.
We test how significantly our histogram di↵ers from the prediction by simulating
ten thousand sets of randomly distributed AGN types based on our Pesc values. Any
given AGN is labeled as either obscured or unobscured if a pseudo-random number
drawn from a uniform distribution between 0 and 1 is above or below Pesc respectively.
We recreate the histogram of Figure 6.4 and measure the displacement of the data
from the theoretical prediction. Our data give a mean displacement of 12.4% per
bin whereas the mean displacement for our ten thousand simulations of 66 AGN
is 11.9 ± 4.0%. We consider this statistic along with Figure 6.4 a clear indicator
that our torus models have managed to create an indicative geometric parameter
that is verified by optical obscuration data. We predict that the two objects with
unknown activity classifications (MRK 18 & NGC 4686) are likely to be unobscured
and obscured respectively (Pesc = 0.728 & 0.037).
An additional ramification of our soft edged clumpy torus distribution is a compli-
cated covering factor. We rely on two separate methods for determining this covering
factor (c tor) similar to the M09 analysis. The first method uses the specific ge-
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ometry of each modeled torus to integrate the Pesc values at all observation angles
(
R
Pesc(i) di). When subtracted from one, this gives the probability of absorption for
any visible photon emitted by the AGN or what M09 call a geometric covering factor
(c geotor ). The value utilizes all the relevant torus geometry to predict a robust covering
factor. Errors in torus model parameters that may have minimal impact on the torus
SED can substantially influence this value. An alternative apparent covering factor
(c apptor ) can be found by finding the ratio of clumpy torus emission to the bolometric
luminosity (M09). Although not mentioned by authors that have used this technique,
this apparent covering factor assumes the torus is opaque at all energies; a clear ap-
proximation. Given the significant flux that passes through the torus in the form of
hard X-rays, we presume c apptor will underestimate the covering factor. Both of these
parameters are plotted in Figure 6.5 to demonstrate the slight disparity. The dis-
tributions are remarkably similar and the slight shift in mean could be explained by
the c apptor approximation, a 16% systematic underestimate of bolometric luminosity, or
with small deviations in parameter values with minimal impact on SED shape. Our
mean apparent covering factor (c̄ apptor = 38%) matches well with that of M09 (34%),
but our mean geometric covering factor (c̄ geotor = 54%) is twice the value they find. The
significantly more luminous Type 1 sample of M09 may have qualitatively di↵erent
torus properties (e.g., luminous emission may work to flatten the torus, see Section
4.7). M12 similarly find low apparent covering factors for their sample of luminous
Type 1 AGN (median of c geotor = 25%) but note anti-correlation between bolometric
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Figure 6.5: Histogram of torus covering factors. Explanation of geometric vs. ap-
parent covering factors in text. Average for each parameter is shown with downward
arrow.
luminosity and covering factor. Conversely, the di↵ering methodologies of our anal-
ysis 3.4 may favor di↵erent covering factors as a result of di↵erent amounts of light
attributed to the torus.
6.3 NLR Geometric Parameters
Our relatively simple NLR model SED shape is parameterized by a single ioniza-
tion parameter, but when combined with the normalization and Lbol we can derive
both the radius and covering factor of the feature (Figure 6.6). We determine the
location of the NLR by simply determining where the incident flux (Fin) yields the






). We find the average RNLR = 9.96 pc
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Figure 6.6: Histograms of NLR geometric parameters derived from Lbol, log(U), and
NLR model normalization. Large arrows denote parameter averages.
or 138⇥Ri. Previous attempts to model NLR using the G06 models have given sig-
nificantly larger radii (S08: RNLR ⇠ 170⇥Ri, M09: RNLR ⇠ 700⇥Ri) for their much
more luminous samples of Type 1 AGN. In Figure 6.7, we plot our RNLR against bolo-
metric luminosity and compare it these other samples. Our fainter and closer sample
exhibits a larger spread about the best fit power-law, likely a result of the variety of
AGN types we are modeling. All the data points roughly agree with a square root Lbol
– RNLR relationship expected for single-cloud, constant U , photo-ionization models.
Because both previous samples utilize di↵erent fitting methodologies and models (see
Section 3.4), we choose not to delve too deeply into why the best power-law fits of
the Lbol vs. RNLR di↵er slightly. Instead we focus on the fact that despite the six
decades of luminosity coverage we modeled, the NLR clouds can be consistently well
modeled with an incredibly simple single-cloud model.
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Figure 6.7: NLR radius plotted against bolometric luminosity. Also shown are pre-
vious results from the literature along with their best-fit lines. The best-fit to all the
data points is shown in magenta.
S08 compute the covering factor of the NLR model by determining the NLR flux















and is subject to the same underestimation as c apptor (Section 6.2). Because the
NLR is assumed significantly more transparent than the torus, the underestimation
should be substantially more acute. Kriss et al. (1992) propose an NLR covering
factor upper limit of ⇠ 30% based on HST imaging. All of our covering factors lie
below this cuto↵. Our resulting mean covering factor is remarkably close to that of
M09 with very similar distributions (our c̄NLR = 8%, their value is 7%). Meléndez
et al. (2008) similarly find a mean covering factor of 7% using line diagnostics and
photoionization models for the BAT AGN sample. This level of agreement is notable
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given the completely di↵erent methodologies and measurements used. Figure 6.8
shows the NLR covering factor plotted against the geometric and apparent torus
covering factors. We also show the line depicting where the total covering factor of
these two features exceeds one. Two of our AGN models exceed this boundary (NGC
4102 and ESO 549 G049) when using the geometric covering factor. The one and five
percent covering factor excess demonstrates the inherent error of our torus models
especially when considering parameters with only small impact on the IR SED. This is
exemplified by the fact that the individual models with a total covering factor (using
a geometric torus covering factor) near or exceeding one are the most significantly
reduced when compared to the torus apparent covering factor. These data show that
the torus geometry can substantially overestimate the covering factor in a few cases.
Although the torus shadow serves as a helpful theoretical limit to the NLR size, we
note that the majority of the NLR covering factors occupy a small fraction of the
available space above and below the accretion disk. NLR occupy on average 15%
or 24% of the available space using capptor and c
geo
tor , respectively. We expect the NLR
covering fraction derived with our methodology to remain small as the majority of
emission passes through them in unobscured AGN.
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Figure 6.8: The best-fit torus covering factors (both geometric and apparent) are
plotted against the NLR covering factor. In blue we give the boundary at which the
total covering factor exceeds one.
6.4 Parameter Correlations
We use the statistical correlations between best-fit model parameters to determine
there are 18 parameter pairs with strong correlation. Assembling all of our parame-
ters and quantifiable AGN attributes (i.e., covering factor, host galaxy flux fraction,
bolometric luminosity) while omitting instances where a model does not include a
specific component, we create arrays of Kendall ⌧ rank correlation coe cients (K⌧).
This robust non-parametric hypothesis test of statistical dependence is sensitive to
non-linear monotonic relationships. We visually check the relationships when the null
hypothesis probability (Pnull) is less than 5% yielding 18 parameter correlations which
we inspect. Monte Carlo testing reveals that even with random uniform or random




6.4.1 Torus Radial Density
First we examine the radial density of clouds in the tori. As shown in Section 3.3.3
this is parameterized by the total number of clouds along an equatorial line-of-sight
(N0).
Figure 5.5 reveals that our Sy 1s have smaller density values than our Sy 2s,
which are spread evenly across the tested range. We confirm this quantitatively with
a strong AGN type – N0 correlation (K⌧ = 0.38). The density parameter controls
whether or not the backside of the torus is visible at near edge-on inclinations, an
e↵ect that decreases with decreasing inclination. The Sy 1 density distribution could
be skewed because our models artificially lower the density instead of the inclination
to account for backside emission, but we have determined that this cannot be a
significant e↵ect. Failing to reduce the inclination in this scenario would result in a
distribution of inclinations characteristically lower than expected for the low density
AGN population. A K-S test shows 91% likelihood the low-density inclinations are
drawn from a uniform sample, exactly what we expect for models that accurately
fit inclination. The K-S test supports the idea that we are fitting the low-density
spectra inclinations correctly. The test is supported by the similar inclination and disk
thickness distributions for the low- and high-density groups (̄i = 47.6  & 50.8 ,  ̄ =
39.8  & 39.4  respectively).
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Figure 6.9: The equatorial cloud density is plotted against the angle dependency
factor for each best-fit model. The unobscured, partially obscured, and obscured
AGN are plotted in green, black, and red respectively. We also plot the line where
Pesc is equal to 50%.
The data cannot distinguish between low- and high-density models when the line-
of-sight of the observer is well out of the plane of the disk of the torus. Figure 6.9 shows
the angle dependency factor of our best-fit models (⌘(i,  )) = exp( (90    i)2/ 2))
which is multiplied by our equatorial density factor (N0) to determine the average
number of clouds in our line of sight. Over this we plot a line denoting where Pesc =
50%. The plot reveals a sample of Sy 2 near the Pesc = 50% line with small ⌘(i,  ) and
large densities. No accompanying Sy 1s are in this region despite the Pesc prediction
that half the objects in the region should be unobscured. We conclude that a small
fraction of the Sy 1s has an underestimated density when the line of sight is well out
of the disk. The similarity between model spectra at these low angles causes this
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underestimation and insures that it has little e↵ect on the other torus parameters.
6.4.2 Measuring the Size of the Dusty Torus
We remind the reader of the importance of the Y parameter in the torus model.
Y is a dimensionless parameter defined by the ratio of the outer to inner torus radius
– and as the size of the torus grows, Y increases.
As the bolometric luminosity increases the Y parameter decreases (Figure 6.10).
The Kendall correlation coe cient (K⌧ ) is -0.19 with a Pnull of 2.6%. We account for
the lack of a sharp cuto↵ when the radial power-law exponent (q) is larger than zero
by plotting Y10%, the radius where the linear cloud density is below 10% the initial
density (Figure 6.10). As the bolometric luminosity increases beyond 1.2 ⇥ 1044 erg
s 1, the mean Y10% parameter goes from 26.1 to 11.6. Although we could speculate
that the torus properties shift above a threshold luminosity, the number of data points
above this threshold is small. Modifying Y10% to represent a more physical concept
– the outer radius (Router) in parsecs – we find that Router is directly correlated with
Lbol. In Figure 6.10, we plot the best linear fit for both the outer radius (Router) and
Y10%. The sign change of the correlations implies the dust sublimation determined
inner radius dominates the negative Y10%   Lbol correlation. The positive correlation
of Router Lbol demonstrates torus growth with luminosity, which is a significant result
of this thesis.
Our torus sizes corroborate previous attempts at luminosity – size relationships
179
CHAPTER 6. RESULTS
Figure 6.10: We plot both the Y10% (see text) and Ro of our best fit models. The left
axis scale corresponds to Y10% while the right denotes Ro.
Figure 6.11: The logarithmic depiction of the outer radius and bolometric luminosity
depicts the boundaries within which the parameters are allowed to vary as well as the




and thus illustrate the validity of applying the dusty torus model to IR spectra.
Tristram & Schartmann (2011) use IR interferometric observations of 10 Seyferts
with the assumption of a Gaussian spatial emission profile to determine the torus size
when viewed at 12µm. These authors report sizes that scale roughly with the square
root of the 12µm luminosity. We find that within our tested boundaries, the data
are best fit by a power-law with an exponent of 0.285 ± 0.079 (Figure 6.11). Given
the shielding that occurs, it is logical that clouds at the periphery are less a↵ected
by changes to bolometric luminosity compared to the inner radius, yielding a flatter
outer radius-luminosity relationship.
Further tests of the outer radius show no surprising correlations. There is no
significant size di↵erence in type 1 and type 2 AGN populations on the bolometric
luminosity – outer radius plot (Figure 6.11).
We hypothesize and test whether the degree of hard X-ray variability might impact
the overall torus size. Presuming the clouds are impacted by radiation, substantial
deviations from our time averaged hard X-ray flux might contribute momentum and
inflate the torus size. In Figure 6.12 we test this idea. We use the variability estimator
SV c of Beckmann et al. (2007, references within) in order to quantify the degree of
hard X-ray variability found in the 70-month light curves of our AGN. Beckmann
et al. (2007) adapted a previously used variability estimator for use with Swift BAT
AGN data and discovered a tendency for obscured AGN to exhibit more variability
than unobscured AGN. The authors use a variety of temporal bin sizes in order to
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probe across di↵erent time scales and find the most interesting correlations using 20-
day bins. Our data are initially grouped in similar 20-day bins with systematic errors
propagated. The variability estimator SV c is calculated by isolating source variance  Q
from systematic measurement variance  i through maximizing the likelihood function
L( Q|xi,  i) for each light curve (Beckmann et al., 2007). The resulting variance is
corrected for background using the variance of empty fields measured by Beckmann
et al. (2007) before being converted to a percentage of the source count rate yielding
SV c. In order to determine errors for this estimator, we use Monte-Carlo simulations
creating 500 synthetic light curves for each source assuming a Gaussian distribution
for each flux measurement. These simulated data are binned and fit identically to
create a distribution of  Q and corresponding SV c values. Our errors are the standard
deviation of these SV c values.
The X-ray variability correlates weakly with the torus outer radius size (K⌧ =
0.14, Pnull = 7.9%). This weak correlation shows that hard X-ray variation above the
20-day timescale does not impact torus growth. Increasing bin size to 40 days de-
creases the correlation significantly (K⌧ = 0.08, Pnull = 34.4%). Decreasing bin size to
7 days incorporates smaller scale variations yielding a larger correlation (K⌧ = 0.18)
with a null hypothesis likelihood of 3.0%. The correlation is plotted in Figure 6.12
with its best-fit linear relationship. A negative variability estimator implies the sys-
tematic error has been overestimated for the rate measurements. We include negative
values because we assume that the systematic error is uniformly overestimated and we
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Figure 6.12: The hard X-ray variability estimator found using 7-day bins is plotted
against the clumpy torus outer radius. Parameter definitions can be found in the text
are more interested in relative variability than absolute variability. The binning re-
quired to exclude the null hypothesis at our 5% threshold implies that short timescale
variability most significantly impacts torus size. Only variability intrinsic to the AGN
can vary on this timescale implying accretion disk luminosity changes are the torus
cloud driving force.
6.4.3 The Contribution of the Host Galaxy Light
to the IR
The host galaxy fraction of the IR flux (fhost) decreases with increasing AGN IR
luminosity (K⌧ =  0.25, Pnull = 4.1%).This confirms that the spectra are dominated
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by the AGN in the IR. As AGN IR strength increases, it becomes brighter compared
to the host galaxy, requiring a smaller fhost value. This correlation rea rms the lack
of a link between AGN and host galaxy luminosity.
The fhost parameter also scales strongly with log(U), the NLR ionization param-
eter (K⌧ =  0.55, Pnull = 0.07%). It appears that when the ionization parameter
decreases, the host galaxy fraction linearly increases. This is predictable as NLR
flux is included in the total IR luminosity of the AGN and the ionization parameter
significantly impacts the strength of the NLR flux (Figure 3.7). Finally, we note
fhost correlates with qPAH as the PAH contribution scales the total IR host galaxy
contribution below 20µm (see Figure 3.4).
6.4.4 Silicate Absorption Correlations
The silicate model is incorporated into the model to account for absorption not
intrinsic to the AGN. But is the intervening material totally independent of the AGN?
We find substantial correlations between ⌧9.7µm and AGN type (K⌧ = 0.29, Pnull =
0.2%) and N0 (K⌧ = 0.23, Pnull = 1.1%). The former can be explained with the
idea that some obscured AGN are not just blocked by a classic torus. Previous
work has suggested that host galaxy dust could impact AGN classification (e.g.,
Maiolino & Rieke, 1995; Rigby et al., 2006). We use the host galaxy major and
minor axis sizes in NED to divide our sample into highly inclined (a/b > 1.67) and
face-on groups. The correlation between optical AGN type and ⌧9.7µm vanishes for
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the face-on sample (K⌧ = 0.19, Pnull = 16%) and remains for the inclined group
(K⌧ = 0.42, Pnull = 0.2%). A complication is that ⌧9.7µm should be independent of N0
if our models perfectly encapsulated the physics of the disparate obscuration regions.
The degree of obscuration from host galaxy dust occurs on scales tens of thousands
time larger than the torus obscuration, defined in this case by the torus density (N0).
Some fraction of the galaxy dust is inflating the AGN torus density in our model.
We isolate this e↵ect by determining the correlation parameters for the inclined and
face-on host galaxy samples separately. Once again, the correlation disappears when
only face-on host galaxies are considered (K⌧ =  0.03, Pnull = 84%). Our data
demonstrate that highly inclined host galaxies add substantial silicate absorption
thus impacting the assigned AGN classification. We discuss this result in Chapter 7.
6.4.5 Other Correlations of Note
Several correlations arise that we cannot easily explain. The disk thickness ( )
and inclination (i) show slight correlation with a K⌧ = 0.27 and Pnull = 0.16%.
This relationship has no physical explanation; the orientation of the AGN should be
independent of every other parameter. Analysis of the i     plot shows that below
inclinations of ⇠ 40 , the   values are less broadly distributed about a slightly higher
mean. We believe that because the disk thickness does not significantly a↵ect the
spectrum in face-on models, adjustment of the   parameter remains small. This is
supported by the fact that below i = 40 , the average   value (45.16 ) is very close
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to the initial guess of 45 .
We find that the ionization parameter (log(U)) of our NLR model scales strongly
with the outer radius size (Ro) of the torus model (K⌧ = 0.36, Pnull = 0.1%). This
correlation remains even when the scaled torus outer radius (Y10%) is used so that
the result is independent of bolometric luminosity (K⌧ = 0.29, Pnull = 1.0%). Both
of these relationships imply the torus size is anti-correlated with the NLR radius.
Any radiative pressure driven clouds would be expected to act similarly in the torus
and the NLR. The unaccountable correlation may be caused by the simplicity of
our NLR models that approximate the NLR with a thin shell exposed to a single
ionization parameter (the actual NLR is extended radially and stratified). The lack
of any significant correlation between the ionization parameter and the luminosity (IR
or hard X-ray), hard X-ray variability, or any other of our torus model parameters
leaves us with no clear explanation for the correlation. We expect several spurious





In this chapter we examine the results of this thesis in the context of the open
questions posed in Chapter 1. We examine the nature of the angle dependent toroidal
obscuration region in the context of a minimally biased catalog of AGN. Additionally,
we address AGN torus dynamics using both our static torus models and variability
information. Our NLR models are used to discuss the isotropic nature of the NLR
region. Finally, we attempt to link our data and models to the impact of AGN
interactions with their host galaxies.
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7.1 A Better Understanding of the the
Obscuring Torus
We set out to understand the angle dependence of the obscuration region for our
sample of AGN. We have demonstrated that a collection of clumpy torus models is
capable of reproducing the wide variety of spectral shapes present in a minimally
biased sample of AGN. The models inform us of plausible specific geometries for each
AGN in our sample, regardless of AGN type.
One of the primary goals of AGN torus modeling is to reproduce the distribution
of AGN type observed. Our subsample of BAT AGN contains thirty Sy 2’s and
thirty Sy 1-1.9’s which we label as obscured and unobscured respectively. Added to
the Seyferts, we have two LINERS, two BL Lac objects, and two AGN with unknown
or significantly disagreed upon type. Our individual models yield geometric covering
factors (c geotor , Section 6.2) that describe the fraction of optical light that is blocked for
each AGN. The average c geotor for our sample is 54%, remarkably close to the fraction
of unobscured AGN in our sample determined from optical emission. Through blind
model fitting we have produced an ensemble of torus models with an average shape
that matches the distribution of AGN type in our sample. This result is complemented
by the ability of each individual model to predict the likelihood (Pesc) of observing the
accretion disk optically without obscuration. The individual Pesc values for both the
obscured and unobscured AGN reproduces the exact behavior we predict (Section
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6.2). The probabilistic assignment of type lacks the precision of the Seyfert class
system, but we are capable of making strong predictions regarding AGN obscuration
based entirely on IR continuum emission. This finding is remarkable given the total
lack of orientation or AGN type information originally fed into the model fitting
process.
We have shown using our models a strong correlation between torus outer radius
size and the AGN bolometric luminosity. The relationship is parameterized by a
power-law with an exponent of 0.285 ± 0.079 (Figure 6.11). Although our static
models cannot explain this correlation, it is interesting to see deviation from the
square root relationship of illuminated single cloud models (i.e., the NLR or torus
inner radius luminosity–distance relationships). Given the shielding by the torus of
the AGN emission, it is logical that the clouds at the outer extent of the torus a less
impacted by AGN luminosity.
The current state of IR AGN continuum models is not advanced enough to put sta-
tistically robust constraints on individual model parameters (Section 5.2 and M09).
We can however examine bulk properties of our entire sample to estimate the ap-
pearance of a typical AGN torus (Figure 7.1). The torus consists of very optically
thick clouds (⌧̄v = 47). The density of clouds decreases gradually as distance from
the accretion disk increases at a rate of r 0.63, until, at 27 times the inner radius,
the density falls to zero. The number of clouds along an equatorial line of sight is
typically around 4.5. The torus extends 40  above the surface of the disk with density
189
CHAPTER 7. CONCLUSIONS
Figure 7.1: We show the Nenkova clumpy torus (N08) model with the average values
for our sample.
decreasing as the poloidal angle increases. We cannot easily describe the torus height
– radius ratio, but we can say that 54% of the optical light emitted by the AGN will
be obscured. In terms of the putative solid torus, this corresponds to H/R ⇠ 1.
7.2 Torus Dynamics and Variability
Although none of our torus models contain information regarding torus dynamics,
we are capable of arguing for cloud outflows by comparing our models to hard X-ray
variability data. First we demonstrate the NGC 4395 IR data is best fit with models
where the torus flattens when exposed to increased accretion disk radiation (Section
4.8). Looking at our entire data set, we have shown that hard X-ray variability
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correlates with our model torus size (Figure 6.12). The timescale of the variation
for this correlation is indicative that the torus clouds are shaped by changes in the
accretion disk luminosity (Section 6.4.2).
We observe no significant correlation between hard X-ray variability and hard X-
ray luminosity extending the 9-month Beckmann et al. (2007) result to our 70-month
observations. We do see a significant IR luminosity – hard X-ray variability correlation
(K⌧ = 0.16, Pnull = 0.5%). The fact that only IR flux has this correlation is notable
because it signifies the short timescale variability directly a↵ects the dust luminosity.
The correlation between IR luminosity and hard X-ray variability decreases as the
bin size increases. We further test the hard X-ray variability by comparing it to the
angular separation of the line-of-sight and the soft edge of the torus (  ⌘ |(90   
i)   |). Presumably, obscuration based hard X-ray variability will be stronger when
looking through the edge of the torus. The slight inverse correlation between  
and SV c increases with bin size and is strongest (K⌧ =  0.15, Pnull = 8.2%) when
looking at the 40-day binned variability estimator. This insinuates that if edge-of-
torus observations do increase variability (something we have not definitively shown),
the hard X-ray variations likely take place with monthly timescales or greater. Our
data support that hard X-ray variability inherent to the accretion disk impacts the
IR luminosity as well as the torus outer radius size for our models. We suspect but
cannot quantitatively demonstrate that longer timescale variations may be caused by
torus dynamics near the edge of the obscuration region.
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7.3 The Isotropic Nature of the NLR
Our NLR models are remarkably consistent with previous findings.We compare
our NLR covering factors (c̄NLR = 8%) to those derived by Meléndez et al. (2008)
through photoionization modeling of BAT AGN line strengths (c̄NLR = 7%) and find
incredibly similar averages and distributions. The location of the NLR has been shown
to scale with bolometric luminosity in our sample (see Figure 6.7 and Section 6.3).
The correlation can be observed to scale through 6 decades in bolometric luminosity
when added to the S08 and M09 results indicating both a strong correlation and
model adept at fitting very di↵erent objects.
Although a full spectral line analysis of this data set is outside the scope of this
thesis, we can gain insight comparing previous emission line studies for this sample
(Meléndez et al., 2008; Weaver et al., 2010; Meléndez et al., 2011) to our model param-
eters and fluxes. We can easily reproduce the strong [Oiv] 25.89µm hard X-ray (14-
195 keV) correlation of (Meléndez et al., 2008) with our sample (K⌧ = 0.39, Pnull =
0.4%). This correlation is strengthened significantly when we use our IR and hard
X-ray derived (Section 3.3.6) bolometric luminosity (K⌧ = 0.52, Pnull = 7.7⇥ 10 5).
As we would expect, the correlation coe cient is further increased when we instead
compare the NLR model luminosity to the [Oiv] 25.89µm luminosity (K⌧ = 0.54),
but the null hypothesis probability also increases because not all of our AGN have
detectable NLR continuum components (Pnull = 0.47%). The [Oiv] luminosity corre-
lations strongly support our derived bolometric luminosities and highlight our ability
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to accurately reproduce NLR continuum flux.
The incredibly strong link between our bolometric luminosity and the
[Oiv] 25.89µm luminosity indicates [Oiv] 25.89µm emission is isotropic. We exam-
ine the correlations of our IR model components with the hard X-ray luminosity
as it’s value is completely independent of the IR spectrum. Of our model com-
ponents, the NLR continuum correlates most strongly with hard X-ray emission
(K⌧ = 0.45, Pnull = 6.9⇥ 10 5).
Weaver et al. (2010) find that six of the newly discovered BAT AGN are under-
luminous in [Oiv] which they attribute to strong host galaxy dust extinction based
on line ratios and edge-on host galaxy inclination. Our models show five of these
AGN exhibit host galaxy obscuration and three have significantly larger IR optical
depths (⌧9.7µm = 0.79, 1.26, 1.39) than the average for our sample (⌧̄9.7µm = 0.56).
The new AGN all show strong host galaxy emission (for new AGN: f̄host = 37%)
compared to the average of our entire sample (f̄host = 16%) indicative of possible IR
obscuration from the host galaxy. Although our silicate absorption and host galaxy
models only weakly support the Weaver et al. (2010) galaxy extinction explanation
for this small sample; our entire sample demonstrates the ability of the host galaxy
to a↵ect AGN type (Sections 5.3.2 and 6.4.4). This host galaxy obscuration causes
NLR flux anisotropy for some galaxy types.
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Figure 7.2: We plot the host galaxy IR luminosity against the AGN bolometric lu-
minosity and see a clear correlation. The best-fit power-law to the data is shown in
red.
7.4 Host Galaxy – AGN Interactions
Through our modeling of the AGN, we have modeled and studied the host galaxies
as a method of isolating the AGN emission. In this section we will compare our models
to the host galaxy orientation, flux, and parameter values in an e↵ort to observe
correlations between host galaxy and AGN features. Using the optically derived NED
galaxy axis ratios, we compare the host galaxy inclinations to our model inclinations.
No correlation exists (K⌧ =  0.06, Pnull = 42%) corroborating the similar null result
found with radio jet derived AGN inclinations (e.g., Schmitt et al., 1997; Clarke et al.,
1998; Nagar & Wilson, 1999).
Figure 7.2 plots the host galaxy model luminosity against the AGN bolomet-
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ric luminosity (Lbol) and shows a significant correlation (K⌧ = 0.33, Pnull = 0.6%).
The correlation persists when we compare the host galaxy to only IR or hard X-ray
AGN luminosities (K⌧ = 0.31 and 0.29 respectively). Together, these imply feed-
back between the BAT AGN and their host galaxies. Our host galaxy model flux is
likely tracing star formation accelerated by AGN feedback. Diamond-Stanic & Rieke
(2012) use both 24µm continuum and 11.3µm PAH feature strength to quantify star
formation and find a similar correlation with [Oiv] 25.89µm luminosity, their stand
in for AGN bolometric luminosity. We find no correlation between the host galaxy
parameters and the AGN luminosity.
7.5 Future Avenues of Exploration
Our methodologies could be applied to both larger data sets or more detailed mod-
els with minimal adjustments. Because Spitzer IRS is no longer functional, archival
AGN spectra represent the best option for further testing of our models. The advan-
tages of our minimally biased BAT AGN derived sample would be lost, but hundreds
of AGN spectra are available to model.
We could also compare our AGN spectra to a collection of non-active galaxies
to determine whether IR spectra could be used to exclude the possibility of AGN
presence in normal galaxies. We consider this a weak search methodology, but the
ramifications of this study could be used to improve and justify the search for AGN
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using IR photometric observations and color selection. As our ideas regarding AGN
torus geometries are refined, our methodology and XSPEC adaptations could easily
accommodate more complex theoretical models. These might include more sophis-
ticated and better tested host galaxy models, torus models featuring a variety of
cloud optical depths or di↵erent grain properties, torus models that incorporate ad-
ditional carbonaceous dust components within the silicate dust photo-disassociation
boundary, or even dynamically justified torus simulations.
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